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HIGHLIGHTS

« Low-reversed cyclic loading tests were carried out on eight corroded reinforced concrete columns to study their mechanical characteristics and failure
mechanisms. The test results are analyzed in detail, and the research on the decline in the seismic performance of concrete columns confined by corroded
stirrups has been carried out for the first time.

« A method for predicting the lateral strength of reinforced concrete columns confined by corroded stirrups is presented based on the axial-shear-flexure
interaction approach for conventional concrete columns, with modifications to consider the effect of stirrup corrosion. There was good agreement is
achieved between the test results and theoretical values. For the first time, the established model introduces the corrosion parameters of the stirrup.
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To understand the seismic behaviors of concrete columns confined by corroded stirrups, low-reversed
cyclic loading tests were carried out on eight corroded reinforced concrete columns to study their
mechanical characteristics and failure mechanisms. The influence on seismic performance indicators
such as bearing capacity, hysteresis characteristics, ductility, strength degradation, stiffness degradation,
and energy dissipation was analyzed comparatively based on parameters such as stirrup diameter and
stirrup-spacing changes. The experimental results showed that the restraint of concrete provided by cor-
roded stirrups is reduced, which leads to a decline in seismic performance, and with increasing stirrup
corrosion, the failure limit displacement of columns decreases. The pinch phenomenon of the hysteresis
curve gradually increases, the attenuation degree of strength and stiffness increases, and the ductility and
energy-dissipation capacity is reduced, while the accumulated energy increases under the same control
displacement. A method for predicting the lateral strength of reinforced concrete columns confined by
corroded stirrups is presented based on the axial-shear-flexure interaction approach for conventional
concrete columns, with modifications to consider the effect of stirrup corrosion. There was good agree-
ment is achieved between the test results and theoretical values.
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1. Introduction different degrees of corrosion damage, which leads to degradation

of structural bearing capacity and ductility, and serious corrosion

Traditional architectural design and construction management
systems consider each stage of building separately. In many struc-
tures, this results in serious defects, poor performance, low dura-
bility, and short service life among other things. Consistent with
the life-cycle concept, estimates of durability and residual life have
become an important research area of structural engineering [1-4].

Due to long-term effects of carbonation, freeze-thaw cycles, and
other factors, reinforcements in concrete structures will exhibit
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will threaten the security of a structure. Therefore, the degradation
of concrete structures due to corrosion cannot be ignored. Progress
has been made in the study of the seismic performance of rein-
forced concrete columns subject to corrosion [5-7]. Corrosion in
the joint part of the stirrups and their transverse reinforcement
is rather serious, but the effect of stirrup corrosion has been
ignored. Not only does the established restoring force model not
introduce the parameters of stirrup corrosion, but the preexisting
analysis of the mechanism of the decline in seismic performance
after stirrup corrosion has not been carried out. After a stirrup
corrodes, its mechanical performance and confinement of the core
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concrete and transverse reinforcement decline, which leads to a
decrease in the bearing capacity and stiffness of reinforced con-
crete columns and a change in the failure pattern from ductile frac-
ture to brittle failure, which could even lead to the sudden collapse
of a structure. Therefore, the degradation effect of stirrup corrosion
on the bearing capacity of reinforced concrete columns is greater
than that of the corrosion of transverse reinforcement. The study
of the influence of stirrup corrosion on mechanical performance
of concrete columns has just begun, and research on the decline
in the seismic performance of concrete columns confined by cor-
roded stirrups has not been carried out.

In this paper, low-reversed cyclic loading tests have been car-
ried out for eight corroded reinforced concrete columns to study
their mechanical characteristics and failure mechanisms. The influ-
ence on seismic performance indicators such as bearing capacity,
hysteresis characteristics, ductility, strength degradation, stiffness
degradation, and energy dissipation have been analyzed compara-
tively using parameters such as stirrup diameter and stirrup spac-
ing. A lateral strength-prediction method is proposed for
reinforced concrete columns confined by corroded stirrups.

2. Test survey
2.1. Model design and production

The comparison test designed eight reinforced concrete col-
umns, whose thickness of the concrete cover is 15 mm. The section
size and reinforcements are shown in Table 1.

Specimens were cast by pouring them into molds in wooden
templates. To avoid transverse reinforcement corrosion, measures
were taken to isolate the transverse reinforcement and stirrups,
and a wire with a 4-mm diameter was connected to the corroded
stirrups. They were vertically cast to ensure unique concrete
specimens.

2.2. Material performance

The design strength of concrete Specimens is C25, and the basic
performance is shown in Table 2. Specimens’ transverse reinforce-
ments using HRB335 steel, stirrups using HPB235 steel, the basic
mechanical performance is shown in Table 3.

2.3. The corrosion rate of specimen’ stirrups
The numerical corrosion rate is the average stirrups’ corrosion

rate within the scope of bottom plastic hinge area. The numerical
corrosion rate of all specimens is shown in Table 4.

Table 1

Dimensions and reinforcement of specimens.
Specimen Size/mm Reinforcement/mm Stirrup/mm
RC-1 200 x 200 6914 $8@70
RC-2 200 x 200 614 $8@70
RC-3 200 x 200 6¢14 $8@70
RC-4 200 x 200 6414 $8@70
RC-5 200 x 200 614 $8@90
RC-6 200 x 200 6¢p14 $8@90
RC-7 200 x 200 6414 $8@120
RC-8 200 x 200 6¢14 $8@120

Table 2

Fundamental properties of concrete and blocks.

Material Bulk density/ Compressive strength/ Elastic modulus/
types kN/m? MPa MPa
C25 33.85 50.3 3.0 x 10*

Table 3
Basic mechanical properties of reinforcement.
Grade Diameter Yield Ultimate Elastic Elongation
strength strength modulus
HPB235 8 mm 292 MPa 515 MPa 2.19 x 10° 25.6%
HRB335 14 mm 359 MPa 552 MPa 197 x 10°  18.8%
Table 4

Stirrups corrosion rate of all specimens.

Component Average weight loss rate Maximum weight loss rate
RC-1 0 0

RC-2 4.76% 4.76%

RC-3 12.90% 30.65%

RC-4 22.22% 46.49%

RC-5 9.23% 36.53%

RC-6 13.96% 46.87%

RC-7 15.55% 34.49%

RC-8 16.69% 48.39%

2.4. Test method and loading system

Seismic test methods [8,9] were used in the low-reversed cyclic
loading test, and cantilever loading equipment was adopted, as
shown in Fig. 1.

A vertical load with a fixed value of 200 kN was applied to the
top of the column by a jack.

The horizontal load was applied to the upper column by means
of a reaction frame with the help of hydraulic actuators.

The loading mechanism used a force-displacement hybrid con-
trol. First, the yield adopted the load-control and step-loading
method; each stage of loading was 10 kN, and each stage was
repeated once. After adopting displacement control, the amount
of each displacement increase was a multiple of the yield displace-
ment, and each stage of displacement was repeated three times,
with the test terminating when the specimen could not bear axial
pressure. The test loader is shown in Fig. 2.

3. Experimental results and analysis
3.1. Failure mode and mechanism analysis

The damage to all specimens occurred at the bottom plastic
hinge area of the column, which experienced elastic, elastic-
plastic, and failure stages. The ultimate destruction is shown in
Fig. 3. To summarize, before the horizontal load reaches 40% of
the ultimate load, the column is in the elastic state, where the load
curve and the unloading curve coincide to a straight line. When the
load reaches 60-70% of the ultimate load, minor cracks appear in
the roots, and surface cracks of the component develop continu-
ously with the increase of the horizontal load. When the load
reaches 80-90% of the ultimate load, concrete cracks develop
rapidly, and the concrete cover falls off gradually. At the ultimate
stage, the external drum of reinforcements appears at the root of
the specimen, the core area of the concrete is crushed, and mem-
bers cannot bear the horizontal load.

The major damage feature points of each component, distribu-
tion of load steps, and surface-crack morphology during the test
are shown in Table 5, and the final failure modes are shown in
Table 6.

Table 5 shows that the loading step of each failure characteristic
point of RC-2 is the same for RC-1, but the loading step of final
destruction is postponed longer for RC-2 than for RC-1. This is
because the bond between stirrups and concrete becomes stronger
when the stirrups corrode slightly, which not only improves the
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Fig. 1. Loading device of reinforced concrete column.
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Fig. 2. The loading program of test.

bearing capacity of the component to a certain extent but also
improves the ductility. The loading step of each failure characteris-
tic point and final destruction of other relatively seriously corroded
components are all ahead of RC-1. This indicates that the damage
of concrete cover and the degradation of confined performance to
core concrete caused by corroded stirrups result in declining bear-
ing capacity and ductility.

Table 6 shows that RC-1 and RC-2 appear to have the better
ductility bending failure. As the amount of stirrup corrosion
increases, the ability to confine the core concrete is weakened by
corroded stirrups, and the contribution of corroded stirrups to
the specimen of shear bearing capacity is reduced. So, the failure
mode of members gradually shifts to brittle failure. A clear shear
failure surface is formed at the root of the plastic hinge zone, while
the stirrups’ failure mode changes from a slight deformation to
external drum even pull off, the core concrete crushing, transverse
reinforcement buckling in a lantern shape. Stirrup corrosion causes
the concrete cover to become damaged and fall off after transverse
reinforcements yield. This is because the accumulation of corrosion

)

(b) RC-2

(c) RC-3 ‘ (d RC4

products close to the stirrup cross-section damages the binding
between the concrete cover and concrete in the core area, with
the damage becoming more severe as the degree of stirrup corro-
sion increases.

3.2. Hysteresis curve

Hysteresis curves [11,12] that reflect the characteristics of
structural deformation, rigidity degradation, and energy dissipa-
tion in the process of repeated stress are used to determine the
restoring force model and the basis of nonlinear seismic response
analysis. The hysteresis curves of eight concrete columns under
low-reversed cyclic loading are shown in Fig. 4.

Some conclusions can be reached from Fig. 4:

(1) The central component of the hysteresis curve that appears
obviously to be a “pinch approach” phenomenon is a typical
curved-scissors model of a hysteresis curve, and the hystere-
sis curves are greatly influenced by the shear deformation.

(2) Before the transverse reinforcement yields, the hysteresis
curve of each component is narrow and long, residual defor-
mation is small, the area of the hysteresis loop back is smal-
ler with less energy dissipation, the stiffness of integral
components show little change, and the values of load and
displacement are basically symmetrical.

(3) After the transverse reinforcement yields, the hysteresis
curve of each component tracks toward the displacement
axis, and the area of the hysteresis loop back and energy dis-
sipation gradually increase. In the loading stage of the same
displacement, the bearing capacity and stiffness of two later
cycles are lower than in the first cycle, which shows that the
strength, stiffness, and energy-dissipation capacity of rein-
forced concrete columns are degenerate. But energy dissipa-
tion increases with increasing cycling times, which reflects
the influence of the cumulative damage.

(e) RC-5 %) RC-6 | (g) RC-7 (h) RC-8.

Fig. 3. Failure pattern of concrete column confined by the corroded stirrups.
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Table 5
Basic mechanical properties of reinforcement.
Component Crack  Fracture shape Crack load Crossing crack  Concrete cover Ultimate
load Load application side The other side step load step falling load step loading step
RC-1 +5t Change at Corner horizontal fractures Horizontal fractures +20mm® -30 mm® +30 mmQ@ —60 mm®
to oblique fractures
RC-2 —4t Change at Corner horizontal fractures  Horizontal fractures +20mm@® -30 mmQ® +30 mmQ@ +60 mm@
to oblique fractures
RC-3 +4t Horizontal cracks and vertical cracks Horizontal fractures -6t -6t —20 mm® +60 mm®
mainly
RC-4 +4t Horizontal cracks and vertical cracks Horizontal fractures +10mm® +10 mm® +20 mm®D —50 mm®
are main
RC-5 +4t Oblique fractures mainly Horizontal fractures +10mm@® +20 mm®D +20 mm@ —50 mmQ®
RC-6 -3t Oblique fractures mainly Horizontal fractures +10mm@® +20 mm®D +20 mmQ@ +50 mm@
RC-7 +4t Corner vertical fractures mainly Corner vertical fractures and +10mm® —20 mm®D +20 mmQ@ —40 mm®
horizontal fractures
RC-8 +4t Corner vertical fractures mainly Corner vertical fractures and +10mm@® -20 mm®d —20 mm® +40 mm@
horizontal fractures
Note: “+" indicate push loading, “~" indicate tension load. D, @, @ represent the first second and third cycle of loading step respectively.
Table 6
The failure pattern of reinforced column.
Component Failure mode Angle of Failure mode of stirrup Failure mode of transverse reinforcement
shear
failure
plane
RC-1 Bending failureare - No fracture, deformation is not significant Buckle between the first and second stirrup in bottom
mainly
RC-2 Bending failureare - The first stirrup in bottom is convex Buckle between the first and second stirrup in bottom
mainly
RC-3 Bending and shearing About 60°  The first second and third stirrups in bottom are Buckle between the first and third stirrup in bottom
failures convex
RC-4 Shear failure mainly About 60°  The first and second stirrups fracture in bottom Buckle between the first and second stirrup in bottom
RC-5 Shear failure About 60°  The second stirrup in bottom deformed obviously ~ Buckle slightly between the first and second stirrup in
bottom
RC-6 Shear failure About 55° The first stirrup deformed seriously, stirrup in the  Buckle at the first stirrup in bottom
crook removed
RC-7 Shear failure About 65° Stirrups deformed slightly Buckle slightly between the first and second stirrup in
bottom
RC-8 Shear failure About 70° The second stirrup fractured Collapse between the first and third stirrup in bottom
(4) After the peak load, the capacity declines are relatively flat start of loading to control displacement of 20 mm of the cyc-

(5)

(6)

(7)

and hysteresis curve areas continue to increase. However,
for components with the same stirrup spacing, the degree
of decline of bearing capacity increases with the increase
of the stirrup-corrosion rate.

When components are damaged, the hysteresis curves of RC-
1 and RC-2 are relatively full, the “pinch approach” phe-
nomenon is not obvious, and they show good plastic defor-
mation and energy-dissipation capacity. The hysteresis
curves of RC-3 and RC-5, which is corroded slightly, show
a slight “pinch approach” phenomenon. The hysteresis
curves of RC-4, RC-7, and RC-8, which are corroded seriously
after transverse reinforcement yields, show obvious “pinch
approach” phenomena, and their deformation capacity and
energy-dissipation capacity are decreased significantly.
With smaller stirrup spacing, the pinch approach phe-
nomenon of the hysteresis curve is not obvious, hence we
conclude that member ductility increases with the decrease
of stirrup spacing. So, the pinch approach phenomenon of
the hysteresis curve is not only related to the degree of stir-
rup corrosion, but also to the stirrup spacing.

Specimens whose stirrup spacing is 70 mm: The stirrup cor-
rosion rate of RC-2 is smaller, which is related to the corro-
sion accumulation felt at the gaps between the stirrups and
concrete; the bearing capacity of RC-2 at various stages is
improved, and the hysteresis curve is relatively fuller. The
stirrup-corrosion rate of RC-3 is relatively serious, from the

lic loading stage, whose stiffness is not significantly less
compared with RC-1; there is a slight increase instead, and
the earlier the loading stage, the more obvious the increase,
which is related to the corrosion accumulation felt by the
gaps between stirrups and concrete. The stirrup corrosion
rate of RC-4 is the most serious. The concrete cover is basi-
cally out of work, the confinement to core concrete by cor-
roded stirrups is degraded, and the bearing capacity and
stiffness gradually diminish, with the degree of the degrada-
tion increasing as the control displacement increases. Under
the same displacement, the bearing capacity and stiffness of
all specimens are reduced more obviously with the increase
of the stirrup-corrosion rate.

(8) Specimens whose stirrup spacing is 90 mm or 120 mm: The
stirrup corrosion of all specimens is more serious, the bear-
ing capacity and stiffness decrease gradually during all
stages of cyclic loading, and the degree of reduction
increases as the controlled displacement and stirrup-
corrosion rate increase.

3.3. Skeleton curve

A skeleton curve is the envelope of all cycle peaks during the
low cyclic loading test. This can accurately reflect the seismic per-
formance of strength, deformation, and ductility, and provides an
important basis to determine the feature points of a restoring force
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Fig. 4. Hysteresis curve of the corroded columns.

Fig. 5. Skeleton curve of the corroded column.

model. The contrast skeleton curves of all specimens are shown in

Fig. 5.
Some conclusions can be drawn from Fig. 5:

(1) The stress process of all specimens shows elastic, elastic-

plastic, and destruction stages.

(2) Specimens with stirrup spacing of 70 mm: MOWhen the hor-

izontal load is less than 20 kN, the lateral displacement of
each component is small, and the skeleton curves coincide,
which shows that concrete cover damage and corrosion of
stirrups did not have an obvious influence on the elastic
stage performance. When the horizontal load is more than
20 kN, the difference between the skeleton curves before
transverse reinforcement yield gradually emerges, which
shows that the impact of the concrete cover damage and
corrosion of stirrups on specimens’ performance has begun
to appear. @When the horizontal displacement was less
than 50 mm, the horizontal load of RC-2 was greater than
that of RC-1, which shows that slightly corroded stirrups
are good for shear capacity. When the specimen is close to

failure, the concrete cover is out of work completely, and
bond-slip between stirrups and concrete will be produced;
the products lose these favorable effects of corrosion prod-
ucts, and the horizontal loads of RC-2 and RC-1 are basically
the same. @When the horizontal displacement is less than
30 mm, the horizontal loads of RC-3 and RC-4 are greater
than that of RC-1 under the same displacement, indicating
that the shear capacity has not declined because of the
cracking of the concrete cover and the confinement effect
due to the corroded stirrups. It is improved because of the
relative motion on both sides of the concrete crack in the
process of the low-reversed cyclic loading. ®When the dis-
placement is more than 30 mm, RC-3 and RC-4 have smaller
horizontal loads than RC-1 under the same displacement,
and the degradation of the horizontal load is more obvious
with increased stirrup corrosion. This shows that when stir-
rup corrosion is serious, the confinement performance on
the core concrete is weakened by corroded stirrups, signifi-
cantly reducing the ability to resist horizontal loads.

(3) Specimens with stirrup spacing of 90 mm and 120 mm:
(MWhen the horizontal load is less than 10 kN, lateral dis-
placement of each specimen is small, and the skeleton
curves of all specimens are basically coincident. When the
horizontal load is more than 10 kN, the differences between
the skeleton curves are gradually revealed. @In the low-
reversed cyclic loading test, the horizontal load of specimens
with seriously corroded stirrups is less than that when stir-
rups are corroded relatively slightly. The difference is more
obvious after yielding of transverse reinforcement.

3.4. Intensity attenuation

In the low-reversed cyclic loading test, the damage continues to
accumulate, and the mechanical properties of the structure and
structural members will degrade with the increase of the control
load and displacement. The intensity attenuation { is one of the
important macroscopic quantities reflecting this degradation. To
study the influence of different parameters on the strength atten-
uation of reinforced concrete columns and to accurately assess
their ability to external load of specimens, the relation curves of
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ing of stirrups are shown in Figs. 6 and 7, respectively.

From Figs. 6 and 7, we can learn the following about the

strength attenuation of members:

(1) The trend of intensity attenuation of each specimen
increases with increases of the stirrups’ weight loss and
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Fig. 6. The influence on intensity attenuation of stirrup corrosion.
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lateral displacement, mainly because the restraint to the
core concrete by stirrups is more obvious when the lateral
displacement is large.

(2) Although RC-2, whose stirrups’ weight loss is small, attains
increases in strength and deformation capacity, the degree
of intensity attenuation is greater than that of RC-1, whose
stirrups lost no weight.

(3) The intensity attenuation of specimens with greater stirrup
spacing is faster with the same weight loss of stirrups.

3.5. Stiffness degradation

To study the variation of reinforced concrete columns’ stiffness
degradation under low cyclic loading, the average stiffness of each
stage of cyclic loading is expressed as follows:

_ [Pil+ | =Pyl

K==l
A+ = A

(1)
Fig. 8 depicts the average stiffness-deterioration curves of eight
concrete columns.
Comparing the curves of specimens’ stiffness degradation, the
variation of reinforced concrete columns’ stiffness attenuation
can be described as follows:

09 ]
08 |
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Fig. 7. The influence on intensity attenuation of stirrup spacing.
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Fig. 8. Total energy dissipation of the corroded column.

(1) The variation of stiffness deterioration and the speed of stiff-
ness degradation of all specimens are substantially the same.
The stiffness deterioration of all specimens declines rapidly
under a small lateral displacement, but the speed of stiffness
deterioration is slower, and it levels off at last with continu-
ous development of the plastic deformation and lateral dis-
placement. The entire stiffness deterioration is more even,
with no obvious stiffness mutation.

(2) RC-2 has less stiffness deterioration amplitude than RC-1
under the same displacement, which shows that slight cor-
rosion of stirrups is beneficial to seismic performance.

(3) Differences in stiffness deterioration of specimens exist
under different stirrup spacings. When the stirrup spacing
is 70 mm, the stiffness deterioration amplitude of severely
corroded specimens is less than that of RC-1 before trans-
verse reinforcement yield. After transverse reinforcement
yield, concrete cover cracking and the failure of work, inter-
nal forces released by concrete gradually transfer to the rein-
forcing bar, and confinement of the core concrete by
corroded stirrups is gradually strengthened, the weakening
effect of confinement to the core concrete by corroded

stirrups appears gradually, stiffness degradation amplitude
of severe corrosion is greater than for RC-1, and the ampli-
tude increases with the rate of stirrup corrosion. When
stirrup spacing is 90 mm or 120 mm, stiffness degradation
is basically the same, and the amplitude increases with the
rate of stirrup corrosion.

3.6. Ductility analysis

Ductility is an important parameter characterizing the deforma-
tion ability of structural members. It is usually expressed in the
ductility coefficient. The displacement ductility coefficient usually
refers to the ratio of the corresponding displacement when a skele-
ton curve decreases to 0.85F,,x and the yield displacement. Its
expression is = A,/A,, where p is the displacement ductility fac-
tor, A, is the limit displacement, A, is the yield displacement, and
the yield point position is determined by the area of reciprocal
method [13,14].

Supposing A/H is the relative deformation, A is displacement of
the top lateral displacement of reinforced concrete columns, and H
is the height of reinforced concrete columns. The peak load point,
limit point, and other feature points corresponding to the load
value, displacement ductility factor, and ultimate sway angle of
every specimen in the test are shown in Table 7.

It can be seen from Table 7 that ductility exhibits the following
behavior:

(1) The displacement ductility coefficient of the eight specimens
is in the range of 3.05-4.08, and every specimen has good
ductility. In descending order of ductility, the specimens
are RC-2, RC-1, RC-3, RC-4, RC-5, RC-6, RC-7, and RC-8.

(2) Compared with RC-1, the ductility of RC-2 has increased,
mainly because of stirrup corrosion product filling the voids
between reinforcing steel and the surrounding concrete
pore, which not only increases the compactness, but
enhances the bond performance between steel bar and
concrete.

(3) For specimens with similar amounts of stirrup corrosion, the
stirrup spacing is smaller, the ductility of stirrups is greater,
and the ultimate displacement angle is greater, indicating
that stirrup spacing decreases are good for ductility.

Table 7
Characteristic parameters and ductility coefficient.

Specimens Cracking Yielding Limiting Ductility Relative Vu/kN Vp/kN VulVp
Vi/kN Ax/mm V,/kN AN Vi/kN An/mm coefficient deformation

RC-1 53.92 9.21 63.81 19.95 56.43 40.62 3.92 1/21.9 68.93 65.24 1.056
—63.55 —12.68 —74.04 —30.06 —66.63 —45.12

RC-2 63.39 9.35 73.76 19.98 66.38 38.20 4.08 1/20.7 76.04 70.56 1.078
—65.48 -12.91 —-78.32 —40.01 —70.49 -52.63

RC-3 56.95 9.62 65.97 12.01 59.37 36.66 3.88 1/22.3 70.94 69.18 1.025
—68.44 -12.11 -75.91 —30.03 —68.32 —46.58

RC-4 56.61 9.52 65.15 20.03 58.63 32.81 3.84 1/25.2 66.71 69.71 0.957
—60.85 -9.95 —68.27 -19.98 —61.44 —41.86

RC-5 56.37 6.69 65.56 19.97 59.01 32.87 3.59 1/23.9 66.81 68.08 0.981
—55.85 -14.24 —68.05 —30.04 —61.24 —45.82

RC-6 46.58 9.11 55.16 20.01 49.64 30.36 3.33 1/31.0 63.16 66.66 0.947
—60.75 -13.53 -71.15 —20.02 —64.04 -

RC-7 56.11 8.65 65.68 20.01 59.11 32.82 3.21 1/29.4 66.20 68.64 0.964
-56.26 -11.28 —66.72 —30.01 —60.05 -31.22

RC-8 46.53 9.13 54.52 20.00 49.07 36.54 3.05 1/26.9 66.67 67.69 0.984
—69.69 -12.96 —78.82 —20.01 -70.94 -30.74

Mean 0.999

“w_ »

Note: (1) “+” indicate push load-in,

indicate tension load. (2) Average value in two directions is used in ductility coefficient, relative deformations.
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(4) For specimens with the same stirrup spacing, the ductility
decreases and the limit lateral angle increases as the corro-
sion rate of stirrups increases.

3.7. Energy-dissipation capacity analysis

The energy-dissipation capacity is an important index to mea-
sure the seismic performance of structures. Under a certain inten-
sity, the structure can consume most of the energy in an
earthquake and achieve a good anti-seismic effect if it has good
energy-dissipation capacity. The total energy-dissipation capacity
of the different stages of a member is used to evaluate the energy
dissipation of members in the test.

In a low-reversed cyclic loading test, a contrastive analysis of
the accumulated energy dissipation ¢ in the various control dis-
placements of all specimens is shown in Fig. 9.

Through comparison and analysis, we can observe the
following:

(1) After a member yields, the energy area gradually increases
as load cycles increase. In the same control displacement
cycle, energy dissipation of the second and third cycles is
far less than that of the first cycle.

(2) For specimens with the same stirrup spacing, the total
energy dissipation of RC-2 when corroded slightly is greater
than that of RC-1, and the total energy dissipation capacity
of other specimens before serious damage is significantly
lower than that of RC-1. The total energy dissipation of all
specimens decreases gradually as the weight loss of stirrups
increases, which shows that the energy-dissipation capacity
decreases because of stirrup corrosion.

(3) For specimens with different stirrup spacing, the decline of
total energy-dissipation capacity increases gradually at dif-
ferent levels as the weight loss of stirrups increases. The
amplitude of total energy-dissipation capacity decreases as
the weight loss of stirrups increases and the stirrup spacing
decreases.

(4) The total energy dissipation of RC-2 when corroded slightly
is greater than that of RC-1 under every control displace-
ment, which shows that slight corrosion of stirrups is good
for energy-dissipation capacity. In other, less seriously cor-
roded specimens, the amounts of energy dissipation and
cumulative energy dissipation are greater than those of
RC-1 under the same control lateral displacement in the
elastic-plastic stage, which shows that the bonding-

35 F —=—RC-1
3.0
25+

2.0 |

5/10°

A/mm

Fig. 9. Total energy dissipation of the corroded column.

enhancement effect between reinforcement and concrete is
obvious in the low-reversed cyclic loading test, and is also
good for seismic capacity.

4. Prediction of the lateral strength

Under low-reversed cyclic loading, corroded reinforced con-
crete columns work as compression-bending members. Therefore,
a method for prediction of the lateral strength of reinforced con-
crete columns confined by corroded stirrups is presented based
on the axial-shear-flexure interaction (ASFI) approach [15] for con-
ventional concrete columns, with modification to consider the
effect of stirrup corrosion.

4.1. Axial-shear-flexure interaction approach

As shown in Fig. 10, the axial-shear-flexure interaction
approach consists of two interactive models referred to as the
axial-flexure model and axial-shear model. The axial-flexure model
is based on cross-sectional analysis, and the axial-shear model is
based on modified compression field theory.

To link the two interactive models, equilibrium between the
axial-flexure and axial-shear models should be strictly satisfied
by imposing the same shear force (V) and axial force (P) to both
models at any step during analysis. The shear stress 7, in the
axial-shear model is obtained by V/(b,d;), where b,, is the width
of the column section and d; is the depth of the column section,
which usually equals the overall depth of the section (h) before
concrete cracking in flexure, and the effective depth of the section
(d) after cracking. The normal stress in the x direction (oy) of the
axial-shear models is equal to the stress induced by the axial load.
The normal stress in the y and z directions of the axial-shear model
is assumed to be zero. It should be noted that compatibility
between the axial-flexure and axial-shear models is satisfied by
requiring the axial strain caused by the axial mechanism in both
models to equal that caused only by the axial load.

In the axial-shear-flexure interaction method, the equilibrium
and compatibility conditions should be satisfied as with any theo-
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Fig. 10. The axial-shear-flexure interaction approach.
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retical model. In particular, the average compressive strains of con-
crete should meet the deformation compatibility condition. The
axial strain caused by the flexural mechanism (&) in the axial-
flexure model is added to the axial strain in the axial-shear model
(&xa * &xs). Therefore, the axial strain &, in the ASFI approach
becomes the sum of &5, &xq, and &ys.

For a reinforced concrete cantilever column, the concrete prin-
cipal compressive strain &, between two cross-sections is the aver-
age principal compressive strain of the element between the two
adjacent sections i and i + 1. Thus,

& = 0.5(& + &,,,)- (2)

Another key issue is the compression softening coefficient,
which is used in the axial-shear model to soften diagonally cracked
concrete in compression. Normally, the compression softening
coefficient ¢ is obtained by
- 1 <10 3)
“T08 0346/
where ¢, is the strain at the peak stress of concrete in compression,
taken as 0.002; and ¢; is the average concrete principal tensile
strain determined from the axial-shear model.

4.2. Effect of stirrup corrosion

Generally, the corrosion of steel reinforcement will cause mate-
rial property degradation, geometric changes, and bond degrada-
tion of concrete members. In this section, the effect of stirrup
corrosion on the lateral strength of reinforced concrete columns
mainly focuses on the material property degradation and geomet-
ric changes of stirrups, since there is limited information on the
bond degradation model for corroded reinforced concrete
structures.

The stress-strain relationship of steel reinforcement under ten-
sion is modeled based on the Mander model as shown below:

E&s for & < &gy
fo= for +0.02E(&s — &) for &y < & < &g 4)

fsu + (fsh _fsu) (Lsuibs) for Esh < & < Eqy

Esu—Esh

where f; and ¢ are the stress and strain of steel reinforcement,
respectively; fsy and &y are the yield stress and strain of steel
reinforcement, respectively; f;, and &, are the stress (fsn=fsy+
0.01E4(esp — &y)) and strain at the starting point of hardening,
respectively; fs, and &, are the ultimate stress and strain of steel
reinforcement, respectively; and E; is the modulus of elasticity of
steel reinforcement.

Once the stirrups are corroded, the effective cross-sectional area
of steel reinforcement will reduce. By assuming a uniform reduc-
tion occurs in the cross-sectional area along the length of corroded
bars, the reduced cross-sectional area of corroded stirrups is given
by

nD;
As(Aw) = T(l —0.01 x Aw) (5)
where As(A,,) is the cross-sectional area of a corroded bar; Aw is the
average corrosion mass loss (%); and D, is the uncorroded bar
diameter.

The yield strength fy. of the corroded stirrups can be obtained
by

fyc:(]fﬁXAW)fyO (6)

where f,. is the corroded yield strength; f is the strength reduction
factor, taken as 0.005; and fi, is the uncorroded yield strength.

4.3. Procedures for estimation of lateral strength

The failure modes of all the experimental specimens are shown
in Table 6. Three failure modes are observed as shear failure at a
crack (mode 1), concrete crushing (mode 2), and flexure-shear fail-
ure (mode 3).

Shear failure occurs when the following conditions are met:

M
Ty = m 2T +fsyypsyC0t0 (7)

where df= hq.
If corroded reinforced concrete columns do not fail via mode 1
(shear failure), concrete crushing failure may occur, and then

— M > fc] _fc2
bdsLi, ~ tan0 + cot6

i (8)
where dy = hc, for shear span ratios less than 1, and dy = hq, for shear
span ratios greater than 1.5. If the shear span ratio is between 1.0
and 1.5, dr is obtained through linear interpolation.

With a relatively higher stirrup ratio and excellent ductility, RC
columns will fail in shear when &, = ¢, and

M
" bd;Ly,’ )
where dr= heor.

The ultimate lateral strength of corroded reinforced concrete
columns can be calculated by the following procedures.

Tf

1) According to Egs. (5) and (6), the residual cross-section and
yield strength of corroded reinforcement bars can be
calculated.

2) The geometric parameters of the specimen should be
reduced due to the geometric damage of the corroded spec-
imens, such as the depth of the section h.,, = h — ¢/2, where ¢
is the thickness of concrete cover; and effective sectional
depth hgc = heor — DJ2 — ¢/2, where D is the diameter of the
longitudinal steel.

3) Assume that the initial value of concrete compressive strain
& is &c.

4) The centroidal strain &g is solved by

_ heorP — 1.7391heor [A;E + AE; + abEc)e.
O 2[a AE. + hoAE; + 0.5bE.a2]

+1.7391¢, (10)
5) The axial compressive strain &,, at the inflection point is cal-
culated by
&g = M7 (11)
2fp/817 + ESpsx

where f, and ¢, represent the peak stress and strain of confined

concrete, respectively, which is taken as f, = f, &, = &

6) Calculate the average principal compressive strain
& = (& + &x)/2, and the x-direction strain & = (& + &w)/2,
of concrete.

7) Determine the y-direction strain &,:

& = \/ﬁ— b,e, < &y, (12)

_fa _ & _ (x=e)faSfu)tfaé
where b = 5 oE 3 and ¢ = o X

The stirrups always yield when the specimen fails, and then Eq.
(13) can be used for calculation:

& =

(& — &2)(far — Ox + pyEséx)
13
(fcl + psyfsyy) ( )
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where oy = g9 = P/(bhe) and f,, = O.44f’,, =044 x 0.33\/;{.
8) Solve Eq. (14) to obtain the value of 0;

Ex — & &1 — &
tan? =22 _21" %
&y —& &1 — &

(14)
9) Use Eqgs. (7) through (9) to check for shear failure. If it occurs,
then reduce &. and repeat the above steps until inequality 7

is within 5% on both sides.

10) If shear failure does not occur, use Eq. (8) to check whether
the cover concrete is crushed.

11) IfEgs. (7) and (8) are both untenable, indicating that the cor-
roded specimens have experienced flexure shear failure, the
stress 7y can be calculated through Eq. (9).

12) Finally, the ultimate lateral load V,, is obtained by

Vy = Tybheor (15)

4.4. Model validation

The suggested theoretical model based on MATLAB numerical
software was validated by comparing predicted lateral strength
and lateral bearing capacity of uncorroded and corroded concrete
columns with axial loads. The comparisons between predicted val-
ues and experimental results are shown in Table 7. The average
ratio of experimental values to predicted values of lateral bearing
capacity is 0.999, showing that analytical results agree well with
the experimental values.

5. Conclusions

Through the low-reversed cyclic loading test of concrete col-
umns confined by corroded stirrups, a contrast analysis of the fail-
ure process, the failure pattern, hysteresis performance, and
energy-dissipation capacity has been carried out, leading to the fol-
lowing conclusions.

(1) Due to the effect of corrosion on bonding enhancement
between the reinforcement and concrete, the seismic perfor-
mance of the concrete column is not degraded but improved
when stirrup corrosion is slight.

(2) When stirrups suffer serious corrosion, the confinement
effect on the core concrete and transverse reinforcement is
weakened, the seismic behavior of the columns is reduced,
and the damage feature points that appears in the process
of destruction is advanced. Meanwhile, the failure mode
gradually changes from ductile failure to brittle failure as
the weight loss of the stirrups increases.

(3) With the increasing weight loss of the stirrups, the ductility
and total energy-dissipation capacity of reinforced concrete
columns decreases, and the degree of decline is related to
the degree of confinement of the corroded stirrup. The

greater the degree of confinement of a concrete column by
stirrups, the greater is the degree of degradation of the duc-
tility coefficient and total energy-dissipation capacity after
stirrup corrosion.

(4) For concrete columns confined by seriously corroded stir-
rups, the amount of energy dissipation and cumulative
energy dissipation is greater than for RC-1 under the same
control lateral displacement in the elastic-plastic stage.

(5) A lateral strength-prediction method is proposed for rein-
forced concrete columns confined by corroded stirrups.
There is good agreement between the test results and theo-
retical values.
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