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Abstract

This study presented an experimental investigation on the degradation of mechanical performance of reinforced concrete
(RC) columns with the reinforcements corroded under sustained loads. A total of ten RC column specimens were tested.
The effects of different levels of sustained load (0%, 30%, and 60% of the designed ultimate bearing capacity N,) and
reinforcement corrosion (0%, 5%, 10%, and 20%) on the failure modes, ultimate bearing capacity, and axial load—axial
deformation relationship were analyzed. The results showed that the coupling adverse effects due to the reinforcement
corrosion and sustained load considerably exacerbate the mechanical deterioration of RC columns and turn the failure
mode into a much more brittle manner. Compared with the control specimen L-0-0, the ultimate bearing capacity of the
specimen L-4-20 could be reduced as much as about 42%. Based on the test results, an improved model was proposed to
estimate the ultimate bearing capacity of corroded RC columns, in which the effects of the corrosion of both longitudinal
reinforcements and stirrups and the corrosion-induced spalling of concrete cover were taken into consideration. The close
agreements between the analytical predictions and test results prove the applicability of the model.

Keywords Chloride-induced corrosion - Mechanical behavior - Reinforcement corrosion - Sustained load -
Coupling effects

1 Introduction

In practice, deterioration of columns often results in a high

= Elalelzo@gt%kzik risk of the collapse of reinforced concrete (RC) structures,
Y ' for the reason that as one of the paramount structural
Qiang Li

members, the columns almost support all of the vertical
loads, as well as some frequent lateral loads [1]. Thus, the
performance of columns under various loading and envi-
ronmental conditions has always been one of the major
concerns during the whole service life [2-5]. To date, the
crucial parameters that affect the mechanical properties of
RC columns have been well understood and documented,
and important among these factors include the concrete
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although the protection measures are satisfied with the
requirements of design codes [9, 10].

To tackle this issue, a large number of investigations on
the mechanical behavior of corroded RC columns have
already been conducted, and many referential results have
been obtained. Some researchers [11-13] experimentally
studied the stiffness, ductility, and ultimate bearing
capacity of the corroded reinforced concrete columns. The
results showed that for corroded RC columns, the causes
for the decline of mechanical properties of an RC column
are mainly due to the loss of the bond, reduction in con-
fining effects of concrete, and especially the performance
degradation of steel reinforcements. As such, the influences
of reinforcement corrosion on the mechanical behaviors of
RC columns were analyzed in [14, 15]. Upon the acceler-
ated corrosion approach, some other researchers studied the
performance of RC columns with partial reinforcement
corrosion, in which the parameters of corrosion length and
stress state were emphatically discussed [16, 17]. Similar
contributions can also be found in the literature [18-20].
Nevertheless, it is noted that for the majority of the above
studies, only the corrosion of the longitudinal reinforce-
ment is taken into consideration, which, however, is quite
not consistent with the actual situations where both the
longitudinal reinforcements and stirrups are observed to
corrode, and sometimes the stirrups are even subjected to a
more serious corrosion because of the thinner concrete
cover [21].

On the other hand, considering the actual stress state of
columns, some efforts have also been dedicated to intro-
duce the effects of external service loads into the analyses
of the mechanical performance of corroded RC members
[22-24]. The degradation laws of the mechanical perfor-
mance of RC columns along with the continuous corrosion
of longitudinal reinforcements were investigated in [25].
However, in this study, only the situation of axial com-
pression on the columns was analyzed. Besides, an
experimental research on the RC columns subjected to
eccentric load was also carried out, followed by an alter-
nation of the dry—wet environment [26]. Other scenarios
like the freeze—thaw alternation, high-low temperature
cycling, etc., have also been discussed together with vari-
ous types of loads [27-29]. For most of the above research,
the environmental influences and sustained load, however,

Table 1 Mechanical properties of steel reinforcements

are not considered simultaneously, but in different stages.
Thus, the coupling effects of these two parameters on the
mechanical performance of corroded RC columns remain
unclear.

To fill the above-mentioned research gaps, this paper
aims to study the mechanical properties of RC columns
with reinforcement corrosion along with sustained loads.
As such, the potential acceleration effect of external loads
on the corrosion development of RC columns can be
observed. The failure modes, cracking patterns, and load—
axial deformation relationship of the RC columns corroded
under sustained loads are analyzed. Based on the test
results, an improved model is proposed to estimate the
ultimate bearing capacity of corroded RC columns, in
which the effects of the corrosion of both longitudinal
reinforcements and stirrups, as well as the concrete spal-
ling, are taken into consideration.

2 Experimental Program
2.1 Material Properties

In accordance with the specification JGJ 55-2011 [30], the
proportion of the mix was designed as cement: water/
sand/coarse aggregate = 1: 0.53: 2: 3 (by mass). Ordinary
Portland cement P.O 52.5 from Huber Hoaxing Plant was
used as the binder. River sand was used as the fine
aggregate, and continuous graded crushed limestone with
5-20 mm was used as coarse aggregate. The 28-day
compressive strength of the concrete cubes (150 mm X
150 mm x 150 mm) was measured to be 29.47 MPa.

For steel reinforcements, both the longitudinal rein-
forcements and the stirrups were HPB235 plain bar, whose
mechanical properties are listed in Table 1.

2.2 Specimens Preparation

In order to investigate the coupling effects of reinforcement
corrosion and sustained load on the mechanical perfor-
mance of RC columns, a total of ten specimens with an
identical dimension of 120 mm x 120 mm x 750 mm
were designed, as shown in Fig. 1.

Nominal diameter Elastic modulus Yielding strength Ultimate strength Elongation
(mm) (GPa) (MPa) (MPa) (%)
Longitudinal 10 184 333.2 4779 25.8
reinforcements
Stirrups 6 205 421.1 5539 18.9

@ i!; @ Springer
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Fig. 1 Configuration of specimens. a Control specimen, b other specimens, ¢ cross section of specimens
With the motivation to represent the actual stress state of ~ 1able 2. Details of the specimens
RC columns in service, the typical scenario of eccentrically ~ Column Load Designed Actual Corrosion
loading was considered in this study. For better application ratio load (kN) load (kN) level (%)
of such an eccentric sustained load, two additional corbels | - 0 0 0
were specially designed at the ends of each column where LC05 0 0 0 5
the stirrups were spaced closer (65 mm apart) to prevent LC-0-10 0 0 0 10
potential local failure. Besides, a screw-thread steel bar LC-0-20 0 0 0 20
was mounted away from the geometric center with a dis- LC-2.5 10 19 20 s
tance of 100 mm. Four steel plain bars with a diameter of LC2.10 30 19'2 0 10
10 mm were used as the longitudinal reinforcements, and LC220 30 19'2 -0 20
the thickness of concrete cover was uniformly fixed at LC-4-5 60 38.5 10 s
15 mm. To simulate the service loads, two load levels, i.e., LC-4-10 6 38.5 40 0
30% and 60% of the designed ultimate bearing capacity, o :
LC-4-20 60 38.5 40 20

were selected in this study. The details of the specimens are
shown in Table 2.

2.3 Implementation of Sustained Load

To apply the sustained load, the so-called self-balancing
prestressing method illustrated in Fig. 2 was adopted. The
sustained load was implemented as long as the 28-day
strength of the specimens was achieved. Upon the pressure
generated from the oil pump, the screw-thread steel bars
were firstly tensioned, which would then exert compression
on the specimens in turn when the prestress was fixed, as
shown in Fig. 3. To ensure that the sustained load being
maintained to the targeted level, periodical examinations
were performed to compensate for the possible stress
relaxation.

2.4 Accelerate Corrosion

The electrochemical method (impress current method) was
used to accelerate the corrosion of reinforcements, as

The nomenclature of specimen is LC-a-b, where a and b represent the
load level and the corrosion level, respectively. For example, LC-4-5
represents the column that is subjected to a sustained load of 40 kN,
accompanied by an expected reinforcement corrosion level of 5%

Fig. 2 Prestressing process

shown in Fig. 4. The surfaces of the specimens were
wrapped with a wet sponge and a stainless steel cage
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Fig. 3 Preloaded specimens
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Fig. 4 Setup of the accelerate corrosion

successively. To prevent the occurrence of the anchoring
members been destroyed, the embedded reinforcements
were covered with epoxy resin at both ends with a length of
120 mm, and the actual corrosion length, therefore, was
470 mm. Finally, the reinforcements and the stainless steel
cage wire were connected to a power supply. In this sys-
tem, the reinforcements served as the anode, while the
stainless steel wire served as the cathode.

According to Faraday’s law, the duration of the corro-
sion process of each specimen was calculated and is shown
in Table 3. It should be noted that except for the control
specimens, for all the other specimens, during the whole
corrosion process, as well as the subsequent axial loading
stage, the sustained loads were always maintained.

2
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Table 3 Designed duration of the corrosion process

Corrosion Mass  Current Cross- Current  Corrosion
level (%) loss density sectional (A) time (h)
(2) (Alem?) area (cm?)
5 97.6  0.0002 1238.42 0.248 377.24
10 195.2  0.0002 1238.42 0.248 754.48
20 390.4 0.0002 1238.42 0.248 1508.36
Loading direction

Prestressed

screw-thread !

steel bar

5 . Displacement
. ' | T transducer
Strain gauges of | |
concrete “;; !
= |I=
\ i
7 ! Strain gauges of
Strain gauges of reinforcement
reinforcement i =
Eccentricity

T Loading direction

Fig. 5 Schematic diagram of the eccentric loading
2.5 Loading Test

The test setup is illustrated in Fig. 5, in which the pre-
loaded RC columns were further eccentrically loaded at the
same location of the prestress. For each specimen, three
displacement transducers were mounted on the bending
side to measure the lateral deflection. Besides, to record the
development of the cross-sectional deformation within the
specimens, five strain gauges were arranged to monitor the
strain changes of the concrete surface. Two of them were
glued to the tension and compression sides, respectively,
while the rest three were parallelly glued to the lateral side
of the specimens.

The specimens were tested immediately when the tar-
geted durations of corrosion process were achieved. In the
beginning, a preloading procedure was firstly performed to
ensure all the components being touched closely. After
that, a predetermined axial loading procedure was carried
out as follows: Before reaching the cracking strength, the
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increment in load at each step was less than 20% of the
failure load, which was then reduced to 10% of the failure
load when approaching the cracking strength. The loading
interval was not less than 15 min.

The test stopped when the maximum bearing capacity of
the specimen was reached. During the whole test, the
values of the applied load, lateral deflection, concrete
strain, and evolution of «cracks were recorded
simultaneously.

2.6 Determination of Corrosion Level

After the loading test, the reinforcement cages were taken
out from the broken columns. Following the specifications
in GB/T 50082-2009 [31], the corrosion products of rein-
forcements were removed by mechanical and chemical
cleaning, followed by a full drying. As a consequence, the
reinforcement corrosion level of each specimen was
quantitatively determined by comparing the difference in
mass between the original and final states.

3 Results and Discussion
3.1 Failure Characteristics

An overall view of the failure modes of specimens under
the axial load is illustrated in Fig. 6. The results showed

(a) Tension side

AL RD

W=

:
5]

e

(c) Right side

Fig. 6 Failure modes of RC columns

that the sustained load and reinforcement corrosion have
obvious coupling effects. For all specimens, during the test,
the longitudinal reinforcements far away from the side of
the axial load first reached the tensile yielding strength,
followed by the crush of the concrete close to the axial
load, accompanied by the transverse cracks formed in the
tension zone. With the increase in axial load, the tensile
reinforcement entered into the flow stage, and the trans-
verse cracks in the tension zone gradually extended to the
compression zone, resulting in a decrease in the height of
the compression zone of concrete. Finally, the edge of the
concrete in the compression zone reached the ultimate
compressive strain, and longitudinal cracks appeared in this
zone.

3.2 Reinforcement Corrosion Level

The measured actual corrosion levels of all specimens are
shown in Fig. 7. From Fig. 7a, b, it can be seen clearly that
in general, the corrosion level of stirrups is higher than that
of longitudinal reinforcements, correspondingly. Three
main reasons are deemed to account for this observation.
First of all, compared with the longitudinal reinforcements,
the concrete cover of stirrups is relatively smaller, pro-
viding easier access to the higher concentration of chloride
ions. Secondly, due to the fact that the diameter of longi-
tudinal reinforcements is larger than that of stirrups, the
current density within the stirrups, therefore, is bigger, in
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(b) Compression side
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Fig. 7 Measured corrosion levels of specimens

the case of the same current flows through. This also
exacerbates the corrosion of stirrups, according to Fara-
day’s law that the corrosion level is proportional to the
current density. Last, in practice, the corrosion potential of
stirrups is higher, which actually plays galvanic protection
to the longitudinal reinforcements.

Furthermore, for the corrosion level of longitudinal
reinforcements, the comparison between Fig. 7c, d indi-
cates that the sustained load has an obvious effect on it.
More specifically, the corrosion level of reinforcements on
the side far from the sustained load is apparently greater
than that on the side closer to the sustained load, and this
observation becomes much more pronounced as the load
level increases. This is attributed to that under sustained
load, more tension cracks may be formed on the side far
from the load, which in turn promotes the ingress of
chloride ions to the surface of steel reinforcements.

3.3 Distribution of Corrosion-Induced Cracks

The distribution of corrosion-induced cracks on the sur-
faces of all specimens is exhibited in Fig. 8. From the
comparisons, it is clear that as the corrosion level increases,
the number of cracks, as well as the crack width, increases
gradually, and more corrosion products leak out from the
inner concrete. For each specimen, it is also observed that
the leakage of rust on the side far from the sustained load is
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more than that near the sustained load. This further indi-
cates that the sustained load has an obvious effect on
reinforcement corrosion, which is consistent with the
measured results of the reinforcement corrosion level
mentioned above.

Moreover, as shown in Fig. 8, it also can be seen that the
expansions induced by the rust from stirrups and longitu-
dinal reinforcements, respectively, are quite different. That
is, the corrosion of stirrup generally results in a local bulge
and spalling of concrete cover where the stirrups located,
while the corrosion of longitudinal reinforcements usually
forms some cracks along the steel bars. This observation is
mainly caused by the thicker concrete cover of longitudinal
reinforcements, whose corrosion-induced expansion is
further restrained by stirrups.

3.4 Load-Axial Displacement Responses

The load—axial displacement responses of specimens are
plotted in Fig. 9. The effects of corrosion level and sus-
tained load on the axial compressive performance were
analyzed.

The load—axial displacement curves of the large eccen-
tric columns with the same sustained load but different
corrosion levels are shown in Fig. 9a—c. From the com-
parisons, it can be seen that the axial ultimate displacement
of the corroded column is smaller than that of non-corroded
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Fig. 8 Reinforcement corrosion-induced cracking of specimens

columns, and as the increase in corrosion level, the ultimate ~ implying a smaller stiffness. This indicates that the brittle
displacement of corroded columns decreases gradually.  nature of columns becomes more pronounced as the
Moreover, the slope of load—axial displacement curves of  increase in the corrosion level.

corroded columns is smaller than that of non-corroded one,
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Fig. 8 continued
Likewise, the load—axial displacement curves of the  generally seen that in most cases, the slopes of load—axial

large eccentric columns with the same corrosion level but  displacement curves of the columns without the sustained
different sustained loads are shown in Fig. 9d—f. It can be = load are smaller than those with sustained loads, indicating
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Fig. 8 continued

the stiffness of columns with the sustained load seems to be indicates that the sustained load exacerbates the brittle
enhanced. However, on the other hand, the poorer ductility ~ failure of specimens.
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Fig. 9 Load-axial displacement curves of different specimens
3.5 Load-Axial Strain Relationship

The load-axial strain relationship of the specimens is
shown in Fig. 10, from which it can be seen that some parts
of the specimens are under tension because of the pre-
loaded sustained loads. The axial strain of concrete
increases as the increase in axial load and the neutral axis
gradually moves to the side where the axial load located.
The distribution of the axial strain within the cross section
indicates that the plane section assumption is still valid.
Hence, this assumption can also be used when establishing
the model for predicting the ultimate bearing capacity that
will be described later in Sect. 4.

The comparisons of the load—axial strain cures of
specimens with different corrosion levels show that the
bearing capacity of corroded specimens is significantly
lower than that of non-corroded one, and under the same

2
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load, the axial strain of corroded specimens is higher than
that of non-corroded one. Furthermore, the results
demonstrate that the sustained load only has a certain
impact on the load-axial strain response. For LC-4-20,
which is under high sustained load and corrosion level, the
load—axial strain curve shows most of its cross section is
under compression, and only a small part of the section
under tension. This observation is quite similar to that of
small eccentric compression specimens. This is mainly
because the spalling of concrete cover also aggravates as
the increase in corrosion level. For columns under the
sustained load, the transverse tensile strain will be appeared
in concrete due to the Poisson’s effect. Thus, the concrete
cover will partly or completely be peeled off for columns
under the dual role of corrosion expansion force and the
transverse tensile stress, reducing the distance between the
centric position and the cross section, which in turn reduces
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Fig. 11 Effect of reinforcement corrosion level and sustained load on the ultimate bearing capacity of specimens

the eccentricity. In such a case, it is possible to convert the
large eccentric specimens to a small eccentric column.

3.6 Ultimate Bearing Capacity

The measured ultimate bearing capacity of specimens is
shown in Fig. 11. It can be seen that the ultimate bearing
capacity of specimens reduces obviously as the increase in
reinforcement corrosion level. Also, a minor reduction is
observed when the level of sustained load increases,
although occasional increase is also found (e.g., LC-0-20
vs. LC-2-20 or LC-4-20). This is mainly because the large
eccentric column is “tensile failure,” characterized by the
reinforcement away from the axial force first reaches the
tensile yielding strength and then the concrete near the side
of the axial force is crushed. On the other hand, the tension

@ x!,} @ Springer

side of the large eccentric column can be cracked under
minor sustained load, and erosion ions can reach the sur-
face of the steel bar directly. With the above analysis, it is
clear that except for some small fluctuations, the coupling
effects of reinforcement corrosion and sustained load on
the ultimate bearing capacity can be generally observed.
Particularly for the specimen L-4-20, a reduction of as
much as 42% in terms of the ultimate bearing capacity was
found, compared with the control specimen L-0-0.
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(a) cracks induced by stirrup corrosion
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(c) simplified concrete section due to the damage of stirrup
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o
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(e) simplified concrete section due to damage of both stirrup and

Fig. 12 Damage to the concrete due to the corrosion of reinforcements

4 Proposed Model for the Ultimate Bearing
Capacity

4.1 Coupling Effects of Reinforcement Corrosion
and Sustained Load

4.1.1 Loss of Concrete Cross Section

Cracking or spalling of concrete caused by the expansion
of reinforcement corrosion induces damage to the concrete
section, which not only reduces the effective area of con-
crete section, but also changes actual section center of the
column. Therefore, before evaluating the bearing capacity
of the column, the effective cross section of the column
should be determined.

Compared with the reinforcement corrosion, the cross
section of concrete is easier to be obtained through the

(b) cracks induced by longitudinal reinforcement corrosion

(d) simplified concrete section due to the damage of longitudinal

reinforcement

P

G
h —

of

(f) equivalent cross section of reinforced concrete columns after

actual measurement. For concrete section, the damage
caused by the rust expansion of stirrups corrosion generally
is transverse crack or lateral spalling, as shown in Fig. 12a,
while the damage caused by rust expansion of reinforce-
ment corrosion generally is longitudinal crack or spalling,
as shown in Fig. 12b. Due to the fact that the form of
reinforcements in the column is various, and the spalling of
concrete is different; thus, the effects of corrosion of lon-
gitudinal reinforcements and stirrups on the effective cross
section of concrete should be considered, respectively.
For mild steel corrosion when the concrete cover yet is
not cracked, the column section takes its original section. If
the transverse crack caused by stirrup corrosion and the
longitudinal crack caused by longitudinal reinforcement
corrosion have been fully developed, the concrete within
the scope of crack indeed is out of work. Therefore, the
contribution of these cracked parts of concrete should not
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Fig. 13 Deteriorated RC column and mechanical model for buckling of longitudinal reinforcement

be taken into consideration when calculating the ultimate
bearing capacity of the column.

The damage caused by the corrosion of stirrups and
longitudinal reinforcements in concrete cross section was
simplified in the way shown in Fig. 12c, d, respectively, as
well as the simplified concrete section considering both of
them in Fig. 12e. For axial compression columns, the
simplified cross section can be directly used in the calcu-
lation. For eccentric compression columns, in order to
further simplify the calculation, the final cross section of
the column is equivalent to a rectangular termed as begr.

X hegr. Considering the concrete within the scope of
cracks that are out of work, the thickness of concrete cover
is C., with the method of equivalent area calculated
according to Fig. 12e, f, using the following formula,

Ac,re = Cc X heff or Ac‘re = Cc X beff- (1)

4.1.2 Reinforcement Corrosion

4.1.2.1 Influence of Stirrup Corrosion on the Constraints of
Longitudinal Reinforcement The concrete column with
corroded stirrups is schematically shown in Fig. 13a.
Stirrup corrosion not only leads to the cracking and spal-
ling of concrete and reduces its constraints on core concrete
core, but also reduces its lateral restraint to longitudinal
reinforcement. Thus, premature buckling failure of longi-
tudinal reinforcement may occur before it reaches ultimate
strength. The buckling model of the longitudinal com-
pressive bar with stirrup corrosion is established according
to the assumption shown in Fig. 13b. The constraint of
stirrups to main reinforcement in the section without stirrup
corrosion is vertically movable and horizontally immobile
hinge constraint. The constraint of the stirrups to the main
reinforcement in section with stirrups corrosion is simu-
lated by spring with variable stiffness. The stiffness of
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spring depends on the corrosion level of the stirrups. The
formula P = 3.46 (E,x Jyx k)™ is used to calculate the
buckling load of steel reinforcement [32], and such a for-
mula was also used in the literature [33], but the parameter
is set to 3.30.

According to the theory of elasticity [34], the buckling
bearing capacity of compressive reinforcements with
elastic support, as shown in Fig. 13b, is given as follows:

Nypuck = 0.6m°Ely /LY, + 21/ ceqEsls (2)

where N; puk 1s the buckling bearing capacity of the main
reinforcement; Eg is the elastic modulus of main rein-
forcement; I, is the moment of inertia of the main rein-
forcement, defined as I, = ndi/64; d, is the diameter of
reinforcement; L., is the stirrup corrosion segment length;
Ceq = ky/s; kg = EqAco/lsi; Eg is the elastic modulus of
stirrups, which is assumed to be unchanged before and after
corrosion; and A is the remaining cross-sectional area
after stirrup corrosion, considering the influence of pitting
corrosion.

If the calculated buckling capacity is greater than the
strength of bearing capacity of longitudinal reinforcement,
it means that stirrup has enough constraints on the longi-
tudinal reinforcement, and the strength of longitudinal
reinforcement can be fully utilized, indicating that the
buckling failure of longitudinal reinforcement does not
occur prior to the strength failure.

4.1.2.2 The Mechanical Properties of Corroded Reinforce-
ment Studies have shown that the corrosion not only
causes the section loss of reinforcement, but also leads to
the degradation of mechanical properties. The yielding
strength, ultimate tensile strength, and elongation decrease
as the increase in corrosion level. When the corrosion level
is less than 10%, the corroded reinforcement still has an
obvious yielding stage, but if the corrosion level is greater
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than 20%, the yielding stage can be ignored. The change
laws of the nominal yielding strength and the elongation of
corroded reinforcement by electrochemical corrosion tests
have already been investigated [35]. Based on the results,
the nominal yielding strength and the elongation of cor-
roded reinforcement, fy. and &, were determined as:

In the cases of 0 < p < 5%,

fre = (1= 1.068p)f; (3)
buse = (1 — 2.480)éus “)
and p > 5%,

fre = (0.962 — 0.848p)f, (5)
fuse = (1.088 — 3.573p)eus (6)

where p is the average sectional corrosion level of rein-
forcement; f, is the yielding strength of non-corroded
reinforcement; and &, is the ultimate strain of non-cor-
roded reinforcement.

4.1.3 Sustained Load

Under the sustained load, the redistribution of stress
between the concrete and reinforcements is expected to
occur, because of the deformation of concrete. Usually, the
stress within the concrete is found to decrease, while the
stress within the reinforcements increases accordingly. As
such, an additional eccentricity is therefore generated,
which leads to a decrease in the ultimate bearing capacity
of eccentric columns. To represent this second-order effect,
an eccentricity magnifying coefficient # was used in line
with the code GB50010-2010 [36],

n= =1+~ (7)

where f is the maximum lateral deflection, and e; is the
eccentricity. The deflection of the column at any point y as
shown in Fig. 14 can be approximately described as

y=f-sin7, (8)
0

and the curvature of the deflection curve is given as

d’y \? | mx
¢ = T Al f<10> S —— 9)

In the case of x =1[y/2 where the maximum Ilateral
deflection is obtained, the corresponding curvature is

written as
d?y m\?
=53 f(l) (10)

According to the plane assumption, the curvature can be
also determined by the strain within the cross section
shown in Fig. 15,

et &

o (11)

Taking the deformation of concrete into account, the
above expression can be revised as

K&+ &
O =——7"

o (12)

where K is the correction factor considering the increase in
compressive strain due to the concrete creep under long-
term load, and it is normally given as K = 1.25. Hence, for
the section that is in the limit state, i.e., the critical section
where the maximum lateral deflection is observed, the
corresponding curvature ¢y, is written as

_ K-e tey

" (13)

Py
where ¢, and &, are the ultimate strain of concrete and steel
reinforcement, respectively, taken as &, = 0.0033 and ¢,.
= 0.002. Upon this, the value of 1/158.1 hy is therefore
figured out for the critical curvature ¢. Finally, introduc-
ing Eq. (13) into Eqgs. (7) and (10), the eccentricity mag-
nifying coefficient # is obtained.

As an alternative, for simplicity, an experiment-based
empirical equation is also suggested for the estimation of
the eccentricity magnifying coefficient #:

B 1 o (I))°
n_1+—13006_,' <Z> ¢ (14)

I

nx

=
= f-.sin— :
=

x s% | N

Fig. 14 Lateral deflection of RC column
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hO
< >

Fig. 15 Distribution of strain within the cross section

where the coefficient . is numerically calculated as ¢&..
= 0.2 + 2.7¢;/hy. In the case of &, > 1, the value of £, = 1
is specified.

4.2 Estimation of the Ultimate Bearing Capacity
4.2.1 Basic Assumptions

To establish the analytical model for evaluating the ulti-
mate bearing capacity, the following assumptions are
made:

1. The strain distribution along the depth of cross section
obeys the plain section assumption.

2. For the corroded reinforcement, according to the
results of the literature [37], when the reinforcement
corrosion level is smaller than 20%, an obvious
yielding platform can be still observed. Therefore,
the ideal elastic—plastic model as shown in Fig. 16 was
adopted in this study,

Egé&
O. —
{5

where o and ¢, are the stress and strain of reinforce-
ment, respectively; E; is the elastic modulus.

3. For the stress—strain relation of the concrete, the widely
acknowledged model suggested by [36], as shown in
Fig. 17, was adopted as follows:

JC_{fc{l—(l—sc/SO)z e < e (16)

& < éyc
& > &yc

(15)

fe g0 <& <&cu

where o, and ¢, are the stress and strain of concrete,
respectively; f. and g, are the compressive strength and
corresponding strain; &, is the ultimate compressive
strain. In practice, ¢ = 0.002 and e&., = 0.0033 are
specified. In view of the spalling of concrete, only the
contribution from the core concrete is considered,

A
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Fig. 16 Stress—strain relation of steel reinforcement

while the contribution of concrete tensile strength is
not considered.

4. Within the regions where the stirrups are corroded, the

constrains to the longitudinal reinforcements are rep-
resented by elastic springs.

4.2.2 Analytical Formulation

Upon the above analyses, the simplified schematic diagram
of the stress distribution within the cross section is plotted
in Fig. 18.

In accordance with the principles of equilibrium and
compatibility, the following equations are always valid,

Nu = OC]f;;beffX + 0', A, - GscAsc (17)

NeaaN

X ’ / ’
Nue < afebesix (ho,eff - 5) + 0y Ag (ho,eff - as> (18)

with
O A
2
EC
Oc = fc 1=} 1l=——
€o
E. ;
f """ o —fes | |
¢ " | |
¢ | |
J | |
’ | |
‘ | |
' l |
1, | |
| |
| |
| |
! H § -
€ €y Foy

Fig. 17 Stress—strain relation of concrete
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h
e:nei—&—i—as (19)
e =ey+ e, (20)
O-;c = min (f)iwfi/bc) (21)
Gg = min (fy'c s as) (22)

where o, is the coefficient related to the equivalent com-
pressive stress, which is specified according to the code
[36]; begr and hg o are the effective width and height of the
cross section, respectively; x is the height of the com-
pression zone; g, and g, are the stresses of longitudinal
reinforcements that are far from and close to the loading
axial, respectively; ag and a; are the concrete covers of
corresponding longitudinal reinforcements; e, e;, ey, and e,
are the total eccentricity, initial eccentricity, designed
eccentricity, and additional eccentricity generated from the
uncertainty of loading position, the inhomogeneity of
concrete quality, etc. [38], respectively; n is the eccen-
tricity magnifying coefficient, defined in Eq. (7); f3,. is the
stress when the longitudinal reinforcements fail in a
buckling failure, given as

Nypuek  0.6m°E(l;  2/ceqEsls
fs/bc = '/uc = I ZS : ’ (23)
ASC Aschor Asc
e
N
. ne;
I | e’
| L . 1
i
!
t 7
! o fe
O.SCASC O-'scAsc
b L)
b
b L]
—’l — a’
a, _| x
hO,eff
hog

Fig. 18 Simplified schematic diagram of ultimate bearing capacity of
an eccentric RC column

and oy is the characteristic stress of the reinforcement. If

the ratio & = x/hg e is smaller than the critical value &,

= 0.8/(1 + fy/Escy), the equation o = fy. is assumed.

Otherwise, the value of g, is given as

1. In the case that the reinforcements far away from the
loading are under tension,

0.8k
o, = Es< Oefl _ 1) bew <fie (24)

x0

or these reinforcements are also under compression,
. 0.8h et
0s = min (ES (Te =1 ecu, fipe | <fye (25)

2. With the above definitions, the ultimate bearing
capacity of the specimens can be analytically evalu-
ated, in which the coupling effects of the reinforcement
corrosion and the sustained load are taken into
consideration.

4.2.3 Validation of the Model

The comparisons between the test results and the analytical
results upon respective eccentricity magnifying coefficients
in Egs. (7) and (14) are shown in Table 4. From the table,
it can be seen that the ratio between the test results and
analytical results ranges from 0.86 to 1.19. The average
ratio is 0.995, and the standard deviation is 0.101. The
close agreements indicate that the coupling effects of the
reinforcement corrosion and the sustained load on the
ultimate bearing capacity of specimens are well reflected.
The reduction in cross section of both longitudinal rein-
forcements and stirrups and its adverse effect on the
buckling of the main reinforcements, as well as the con-
crete deformation induced by the sustained load, are rea-
sonably reproduced.

5 Conclusions

Based on the experimental investigation on the mechanical
performance of RC columns subjected to reinforcement
corrosion and sustained load simultaneously, as well as the
analytical prediction of the ultimate bearing capacity of
corroded specimens, the following conclusions can be
summarized:

1. The failure characteristics, ultimate bearing capacity,
and load-axial deformation relationships of the tested
specimens clearly indicate that the reinforcement
corrosion and sustained load exhibit obvious coupling
effects in deteriorating the mechanical performance of
columns.

2
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Table 4 Comparison between analytical predictions and test results of specimens

Column Test results Ny jese (KN) Analytic results (kN) Ratio between the test results and analytical results
Ny, (kN) Ny (kN) Nut/Ny test Ny /Ny gest
LC-0-0 92 83 80 0.90 0.87
LC-0-5 74 70 68 0.95 0.92
LC-0-10 64 69 67 1.08 1.05
LC-0-20 48 52 49 1.08 1.02
LC-2-5 87 78 75 0.90 0.86
LC-2-10 60 67 64 1.12 1.07
LC-2-20 54 57 55 1.06 1.02
LC-4-5 82 78 76 0.95 0.93
LC-4-10 58 69 67 1.19 1.16
LC-4-20 53 52 50 0.98 0.94

The analytical results of N, ; are calculated based on the eccentricity magnifying coefficient shown in Eq. (7), while the analytical results of N, »
are calculated based on the eccentricity magnifying coefficient shown in Eq. (14)

The sustained load has an obvious effect on the
promotion of the corrosion level of steel reinforce-
ments. The corrosion level increases gradually as the
load level increases, and it is more pronounced for the
reinforcements on the side far from the sustained load
when compared with those close to the load.
Compared with the control specimen L-0-0, the
ultimate bearing capacity of the specimen L-4-20
reduced as much as about 42%. Besides, the sustained
load may enhance the stiffness of eccentric columns,
which, however, will obviously make the columns to
be much more brittle, resulting in premature failure.
The improved model taking the effects of the corrosion
of both longitudinal reinforcements and stirrups, as
well as the concrete spalling, into consideration can
reasonably predict the ultimate bearing capacity of
corroded columns subjected to sustained load.

Funding Fundings were provided by National Natural Science
Foundation of China (Grant Nos. 51808475 and 51678529) and
Guangdong Natural Science Fund (Grant No. 1146).
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