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The behavior of eccentrically loaded fiber reinforced polymer (FRP) partially wrapped reinforced concrete (RC)
columns under combined environmental erosion was investigated in this paper. Circular RC columns were firstly
subjected to chloride erosion where the target corrosion degree (0, 10 %, and 20 %) is obtained with externally
applied current. This was then followed by partially strengthening with 2-ply of glass fiber reinforced polymer
(GFRP) strips as well as 50 freeze-thaw cycles. Series of eccentric compression tests were conducted with ranging
eccentricities of 0, 5 mm, 10 mm, and 15 mm. For comparison, the carbon fiber reinforced polymer (CFRP)
partially strengthened columns with the corrosion degree of 10 % and subjected to 50 freeze-thaw cycles were
also eccentrically loaded with an eccentricity of 10 mm. Results showed that with increasing corrosion degree,
the bearing capacity of GFRP strengthened column showed a 2-stage behavior (firstly increased and then
decreased), which may be caused by the confinement reduction of FRP on columns due to severe environmental
erosion. Under small eccentric loading, The CFRP strengthened RC columns showed better compressive behavior
than that of GFRP strengthened RC columns. Based on the stress—strain relationship of constituent materials, a
simplified analytical model considered the effects of chloride and freeze-thaw erosion was put forward to predict

the bearing capacity of FRP partially wrapped RC column under eccentric loading.

1. Introduction

Reinforced concrete (RC) column exposure to humidity environ-
mental could be easily corroded and develop corrosion damages that
lead to the reinforcement deterioration, including reduction of tensile
capacity and failure elongation. Furthermore, radial stress caused by the
expansion of corrosion products could result in tensile cracking of
concrete and significantly decrease the mechanical properties and
durability of RC columns [1-3]. Repairing and strengthening of corro-
sion damaged RC column has always been a hotspot in related engi-
neering fields.

Externally bonded fiber reinforced polymer (FRP) was considered as
one of the most effective way to strengthening the corrosion damaged
RC columns. A considerable amount of studies have been carried out
about the compressive behavior of FRP strengthening damaged RC
columns [4-7]. It is found that FRP strengthening could significantly
decrease the corrosion rate of steel bars in column [8], and improve the
durability, ductility, stiffness, and load capacity of damaged columns
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[9-11]. The effectiveness of FRP strengthening damaged columns sub-
jected to axial compression loading has been validated. Under realistic
conditions, however, concrete columns are often applied combined
flexural and axial loading, which could accelerate corrosion induced
crack initiation and propagation once corroded. Serviceability could
then be significantly compromised during this process. Maaddawy [12]
studied the effectiveness of carbon fiber reinforced polymer (CFRP)
strengthening in the corrosion process of eccentrically loaded RC col-
umns. In this research, the columns with steel mass loss of 4.25 % were
strengthened by CFRP and subjected to eccentric loading with different
eccentricity. Results showed that the bearing capacity of strengthened
columns decreased proportionally with the increasing eccentricity ratio
while the bearing capacity corresponding to the corrosion damaged
column fully wrapped with CFRP was 40 % higher than that of the un-
corroded column. Moreover, the confinement effect of CFRP decreased
with the increasing eccentricity ratio. Jayaprakash et al. [13] reported
that the load capacities of FRP confined corrosion damaged RC circular
column were increased from 8 % to 36 % for mild corrosion level and 21
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% to 34 % for severe corrosion level when compared with the uncon-
fined damaged columns under eccentric loading. Tin [14] investigated
the influences of steel corrosion on the FRP strengthened column sub-
jected to eccentric loading. Twenty-four rectangular RC columns with
different corrosion degrees were strengthened with different number of
FRP layers. Test results indicated that the ratio of bearing capacity of
FRP strengthened corrosion damaged RC columns to that of corre-
sponding controlled columns increases proportionally with the
increasing corrosion degree, and it slightly increases with the increasing
eccentricity and FRP layer as well. Comparing with the corresponding
controlled columns, the ultimate vertical displacement of strengthened
columns is negatively correlated with the increasement of corrosion
degree, and noticeably with the increasement of FRP layer and eccen-
tricity. Chotickai et al. [15] conducted the test of CFRP strengthened
corrosion damaged RC columns under eccentric loading. Results showed
that CFRP could significantly improve the structural behavior including
stiffness, ductility, and bearing capacity of columns, while the
improvement effect decreases with the increasing corrosion degree. It is
also reported that the load capacity improvement and the confinement
effects are both positively correlated to the volumetric CFRP ratio of
CFRP jacket.

These abovementioned works confirmed the effectiveness of FRP
strengthening on improving the structural performance of RC columns
when corrosion damage is introduced. However, the RC columns in re-
ality project are often subjected to complex environment including
chloride erosion as well as freeze-thaw erosion when served in humid
and cold regions [16]. When severely corroded, extra channels for water
penetration would develop in columns by the corrosion cracks, and in
turn enhances the crack propagation due to the expansion stress of
freezing water under freeze-thaw cycling. This cyclic process seriously
decreases the service life of columns and makes the RC columns exposed
to combine environmental erosion one of the most essential problems in
engineering. However, the eccentric compressive mechanical behavior
of FRP strengthened RC columns served in the combined chloride and
freeze-thaw erosion environments, which could have complex stress
states, are mostly studied using numerical approaches that are difficult
to apply to engineering design [17-20]. Comparingly, experimental and
analytical studies and related research are rarely reported to date
[10,16,21]. Maaddawy [22] proposed a nonlinear second-order analysis
method to predict the strength of eccentrically loaded RC columns
wrapped with CFRP, which considered the additional eccentricity
caused by lateral deformation and validated by the experimental results.
Al-Nimry [23] adopted the ACI 440.2R design guidelines [24] to analyze
the axial-flexural interactions of FRP confined RC column and found that
the calculated results were slightly conservative. Based on test data,
Chotickai [15] considered the influence of steel corrosion and proposed
a mechanical property model to calculate the capacity of CFRP
strengthened corroded rectangular RC columns under eccentric loading.
However, to the best of the authors’ knowledge, a capacity prediction
method for FRP strengthened RC columns that take consideration of
combined influences of chloride and freeze-thaw erosion under eccen-
tric loading has not been reported yet. The analytical model about the
bearing capacity prediction of eccentrically loaded FRP strengthened RC
columns under combined environmental erosion is urgently needed for
engineering design.

Upon this background, in this study, 48 small-scale circular FRP
partially wrapped RC columns were tested under small eccentric loading
conditions. The combined chloride and freeze-thaw erosion were
applied to the columns. The main parameters were set as reinforcement
corrosion degree, FRP types, and eccentricities to study the influences of
combined environmental erosion and eccentricity on the structural
behavior of column. Based on the stress—strain relationships of FRP
confined concrete and steel bar subjected to combined environmental
erosion, a section analysis method was proposed and used to calculate
the load capacity of FRP confined RC columns exposed to chloride and
freeze-thaw erosion. Results showed that the simplified analytical
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model could predict the bearing capacity of columns within
experiments.

2. Test program
2.1. Specimen design and material properties

A total of 16 groups of specimens were prepared in this experiment.
Each group contained three identical columns. The designed corrosion
degree of steel bars in the column was set as 0, 10 %, and 20 %,
respectively. 50 freeze-thaw cycles were conducted for all columns after
chloride erosion while glass fiber reinforced polymer (GFRP) and CFRP
were both considered as reinforcements. 3 sets of eccentricities were
considered as 0, 5 mm, 10 mm, and 15 mm, respectively. Detailed pa-
rameters setups are listed in Table 1, where specimen groups are
referred with a name starting with the capital letter “G” or “C” to indi-
cate the type of adopted FRP (“G” for GFRP and “C” for CFRP) and
followed by a number to indicate the number of FRP layers. The ab-
breviations “CR” followed by a number after the dash sign is used to
indicate the corrosion degree. The last number after the second dash sign
indicates the eccentricity. As an example, C2-CR10-10 refers to CFRP
strengthened column with the steel bar corrosion degree of 10 %,
freeze-thaw cycles of 50, and eccentricity of 10 mm.

The compressive strength of concrete used for all columns was 31.5
MPa. The circular columns were designed to have a 400 mm height, 100
mm section diameter, as well as a concrete cover thickness of 25 mm.
Four 8 mm plain bars were used as longitudinal reinforcement, and 6
mm plain bars with a spacing of 70 mm were used as stirrups. The
yielding strength of the reinforcements was 235 MPa and elastic
modulus 210 GPa. All columns were partially wrapped with two plies of
30 mm wide FRP strip and the strip spacing was set as 70 mm, as shown
in Fig. 1. The overlapping zone of the FRP strip was set as 150 mm to
avoid bond slip failure.

2.2. Specimen preparation

The RC columns were firstly submerged into a 5 % saline solution
while an accelerated corrosion method according to Faraday’s law was
used in this study: the electrical potential was set as 15 V and the current
density of reinforcement in columns was controlled at 0.5 mA/cm? [5].
The accelerated corrosion setup is presented in Fig. 2.

Table 1
The detailed parameters of specimen.
Specimen Number of Steel bar Freeze- Eccentricity
D FRP layers corrosion degree thaw cycles  (mm)
(%)

G2-CRO-0 2 0 50 0

G2-CRO-5 2 0 50 5

G2-CRO-10 2 0 50 10

G2-CRO-15 2 0 50 15

G2-CR10-0 2 10 50 0

G2-CR10-5 2 10 50 5

G2-CR10- 2 10 50 10
10

G2-CR10- 2 10 50 15
15

G2-CR20-0 2 20 50 0

G2-CR20-5 2 20 50

G2-CR20- 2 20 50 10
10

G2-CR20- 2 20 50 15
15

C2-CR10-0 2 10 50 0

C2-CR10-5 2 10 50

C2-CR10- 2 10 50 10
10

C2-CR10- 2 10 50 15
15
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Fig. 1. Reinforcement diagram of FRP partially wrapped column.

Fig. 2. Accelerated corrosion setup.

After the target theoretical corrosion degree was reached, the col-
umns were wrapped with two plies of FRP strip by using wet-layup
method where the fiber orientation of FRP strip was designed to coin-
cide with the hoop direction. The saturating resin used for the FRP wraps
was epoxy resin with polyamine hardener, it has a tensile shear strength
of 24.29 MPa, tensile strength of 40.12 MPa, compressive strength of
73.62 MPa, bending strength of 72.95 MPa, elastic modulus of 2605.7
MPa, and elongation of 2.45 %. For corrosion damaged RC columns, the
chloride ions had already penetrated into the column and fully wrapping
FRP could not prevent the further corrosion of reinforcement [12].
Therefore, FRP partial wrapping technique was used in this experiment.
Fig. 3 presents the CFRP partially wrapped RC columns before freeze-
—thaw erosion.

The rapid freezing-thawing experiment approach [25] was used in
this work and the freeze-thaw cycles were set as 50 for all columns. In
this experiment, the concrete prisms with the dimension of 150 mm x
150 mm x 300 mm were cast simultaneously with the RC columns to test
the axial compressive strength and elastic modulus of concrete. To
investigate the effects of freeze-thaw erosion on the mechanical prop-
erties of materials and provide test data for column bearing capacity
calculation, the FRP strips and concrete prisms used in this work were
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Fig. 3. CFRP partially wrapped columns before freeze-thaw erosion.

also subjected to 50 freeze-thaw cycles, respectively. The detailed
specimen preparation process could be found in the published work of
authors [21].

2.3. Experimental setup and instrumentation

The tensile test of FRP strips was conducted through a 50 kN testing
machine [26]. As for the concrete prisms, compression tests of speci-
mens were conducted through a 3000 kN testing machine [27] while
that of columns was through a 2000 kN testing machine. Multistage
loading procedures were adopted, and each step was sustained 3 min
before data collection. Fig. 4 presents the column test setup and
instrumentation. The loading plates with knife edge were used to ach-
ieve the desired eccentricity. The axial displacement of column was
measured by two linear voltage differential transformers (LVDTs). In
this paper, the compressive strains of column are defined to be positive.

3. Results and discussion

3.1. Actual corrosion degrees of the steel bar, and mechanical properties
of the constituent materials

After the failure of columns under compression, the corroded steel
bars were extracted from column and cleaned with hydrochloric acid
solution to test the actual corrosion degrees. Results showed that the
actual steel mass losses of 10 % corrosion degree steel bar were 15.44 %
and 20 % corrosion degree steel bar 19.24 %. The detailed explanation
of this phenomenon could be found in Appendix A. The actual corrosion
degrees of steel bar were adopted in following discussion and
calculation.

LVDT fixture™"

WENRENE S lower platen

Loading plate With AN
Knife edge Load Cell

Fig. 4. Test setup and instrumentations of the column.
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The mechanical properties of FRP strips, including tensile strength
(o1), elastic modulus (Ep, and elongation (¢p) are listed in Table 2, along
with all the coefficient of variations (COV). It could be seen that both the
GFRP and CFRP tensile strengths decrease after freeze-thaw cycling,
while the variation of the elastic modulus of FRP strips is not obvious.
And the elongation of GFRP and CFRP strips slightly decreased after
freeze-thaw cycles. The tensile strengths of GFRP and CFRP strips after
50 freeze-thaw cycles were decreased by 3.29 % and 1.7 % compared
with that of the GFRP and CFRP strips without freeze-thaw erosion,
respectively. It was found that the freeze-thaw erosion on the GFRP trips
has a more significant influence due to the reason that GFRP has a higher
capability of absorbing water than that of CFRP [28]. Under freeze-thaw
condition, freezing water introduces expansion stress to degrade the
interfacial bonding between the glass fiber and base resin as well as
weaken the effect of base resin to the shear stress transfer capacity,
strength, and deformation of GFRP strip. The freeze-thaw erosion also
has serious effects on the concrete properties, showing as a decreased
axial compressive strength from 31.5 MPa to 26.9 MPa after 50 freeze-
~thaw cycles.

3.2. Failure mode

Fig. 5 presents the typical failure modes of columns. All columns
exhibited ductile failure regardless of the eccentricity. For columns
under axial compression loading, compressive stress is uniformly
distributed throughout the section. In early loading stage, the
compressive load was mainly borne by longitudinal reinforcement and
concrete while the confining effect of the FRP was neglectable. When the
column reached the ultimate load capacity, concrete crush was
observed, and the load capacity of column started to decrease gradually.
Due to the constraint provided by FRP strip, the failure mode of axial
compression loaded columns changed from brittle to ductile. For
eccentrically loaded columns, the section of column was all in
compression firstly. With the load increasing, the depth of compression
zone of column section decreased while the constraint stress provided by
FRP strip increased. When ultimate load of column was reached, con-
crete crush first appeared in compression zone and lead to the failure of
FRP strips. The column exhibited good ductility under eccentric loading.
Besides, it was found that the failure modes of GFRP strips were splitting
or tearing broken while the CFRP adopted tensile failure modes with
neat or serrated sections. The saturating resin used for GFRP and CFRP
was same, while the elongation capability of glass fiber was higher than
that of carbon fiber, which results in a reduced interfacial bonding be-
tween glass fibers and saturating resin than that of carbon fibers and
saturating resin. Therefore, the GFRP strip presented the tearing and
peeling failure mode between fibers and saturating resin.

3.3. Bearing capacity

Fig. 6 presents the bearing capacity of columns. As shown, the
bearing capacity decreased with the increasing eccentricity regardless of
the corrosion degree and FRP types. For GFRP strengthened un-corroded
series columns (G2-CRO-n series), the bearing capacity of columns with

Table 2
Mechanical properties of FRP strip.
FRP Freeze-thaw o, (MPa) [COV] E, (GPa) & (%)
type cycles [COV] [COV]
GFRP 0 1342.62 99.11 [0.030] 1.82
[0.022] [0.040]
GFRP 50 1298.41 101.80 1.79
[0.047] [0.031] [0.040]
CFRP 0 3872.20 245.70 1.58
[0.013] [0.038] [0.023]
CFRP 50 3806.50 245.58 1.55
[0.096] [0.028] [0.013]
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different eccentricities of 5 mm, 10 mm, and 15 mm were 11.8 %, 22 %,
and 29 % less than that of the axial compression loaded column,
respectively. For CFRP strengthened columns (C2-CR10-n series), the
bearing capacity of columns with the eccentricities of 5 mm, 10 mm, and
15 mm were 12.2 %, 22.5 %, and 30.9 % less than that of the axial
compression loaded column, respectively. It was found that the
decreasing effect on the load capacity of FRP strengthened columns
decreases with increasing eccentricity. The main reason was that for
small eccentric loaded columns, the expansive deformation of concrete
and the constraint stress provided by FRP strips were relatively low
under the ultimate limit state. With the increasing eccentricity, the
constraining effect provided by the FRP strips increases and partially
neutralizes decreasing effect caused by the corrosion.

Besides, the bearing capacity of GFRP strengthened damaged col-
umns under the same eccentric loading presented a 2-stage trend (firstly
increase and then decrease) with the increasing reinforcement corrosion
degree, as shown in Fig. 6. Compared to the GFRP strengthened un-
corroded columns under axial compression loading, the bearing capac-
ities of GFRP strengthened corrosion damaged RC column with different
corrosion degrees of 15.44 % and 19.24 % were decreased —5.5 % and
8.8 % under axial compression loading, respectively. Compared to GFRP
strengthened un-corroded RC columns under the eccentricity of 10 mm,
the bearing capacities of GFRP strengthened corrosion RC column with
different corrosion degrees of 15.44 % and 19.24 % were decreased
—6.5 % and 6.2 % under the eccentricity of 10 mm, respectively. The
main reasons could be summarized as follows: 1) after reaching the 28-
day curing age, the columns were immediately submerged into the 5 %
saline solution, which could further promote the hydration of concrete
and slightly improve the mechanical properties of concrete; 2) for mild
corroded reinforcement, the corrosion products on the reinforcement
surface were conducive to the compaction of the steel-concrete inter-
face, thereby improve the bond strength between reinforcement and
concrete [29,30]. Moreover, for FRP confined corroded RC columns, the
restraint provided by FRP strips could increase the internal pressure of
concrete and restrain the micro-crack propagation caused by expansion
of corrosion products, thereby the strengthening mechanism of bond
stress between the corroded reinforcement and concrete became more
significant [31]; 3) the relatively low concrete strength results in more
internal pores. During the chloride corrosion, the corrosion products
could partially fill the pores of concrete and the compactness of concrete
was improved [32], which could prevent the freezing water goes into the
core region of column and reduce the freeze-thaw damage of columns to
some extent. Therefore, the bearing capacity of columns presented the
increasing trend for moderate corroded RC columns. However, for
severely corroded columns, the expansion stress caused by the massive
corrosion products would lead to macro-crack generations in the col-
umns, which could serve as extra channels for the water penetration
under freeze-thaw condition. Besides, the severe corrosion would also
lead to the reduction of reinforcement strength. This then results in a
significant decline in bearing capacity of columns. Moreover, due to the
higher tensile strength of CFRP strips, the bearing capacities of CFRP
strengthened column were obviously higher than those of the GFRP
strengthened column.

3.4. Load-longitudinal strain curve

Two LVDTs were symmetrically fixed on the two sides of columns to
measure the longitudinal displacement under eccentric loading. The
longitudinal strain, that is, the ratio of longitudinal displacement to the
measuring range of LVDTs, was used in this paper. Fig. 7 presents the
development trend of longitudinal strain of columns with the load. The
load-longitudinal strain curve of CFRP strengthened columns presented
similar trend with that of GFRP strengthened columns. While the
bearing capacity of columns presents a decreasing trend with the in-
crease of eccentricity, and the load-longitudinal strain curve of columns
under eccentric loading were obviously plumper than that of the
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Fig. 5. Typical failure mode of columns.
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Fig. 6. Bearing capacity of FRP strengthened columns.

columns under axial compression loading. For axial compression loaded
column, the axial compression load showed a sudden decrease after the
ultimate load was reached. While for eccentric loaded columns, the load-
longitudinal strain curves had a gradually descending branch after
reaching the ultimate load. It should be noted that the longitudinal
strain of axial compression loaded columns at ultimate load point was
about 0.15 to 0.55 times of that of the eccentric loaded columns. This
strain enhancement phenomenon of FRP strengthened circular RC col-
umns was due to the existence of strain gradient under eccentric loading
[33-35]. Besides, it was found that the descending stage of load-
longitudinal strain curves of GFRP strengthened columns became
steeper with increasing reinforcement corrosion degree under the same
eccentricity, as shown in Fig. 7(a) to 7(c). This is due to the fact that the
tensile capacity and elongation of longitudinal reinforcement is nega-
tively related to the corrosion degree, and pitting corrosion occurs on
the surface of reinforcement [21], which results in the decreasing
ductility of columns.

4. Bearing capacity prediction

Similar to the rectangular RC columns, the failure mode of circular
RC columns could also be divided into compressive or tensile failure
modes according to the eccentricity. However, the stress of each longi-
tudinal reinforcement that uniformly distributed in the circular column
was not equal under the ultimate limit state. The stress state of rein-
forcement and concrete in the FRP confined circular RC column could be
very complex, especially for concrete in the compression zone. The
Chinese standard GB 50608 [36] proposed the explicit equations to
calculate the sectional capacity of FRP confined circular RC columns.

When the longitudinal reinforcements of eccentrically loaded FRP
wrapped RC circular columns were uniformly distributed along the
column section and the number of longitudinal steel bars were not less
than 6, the bearing capacity of columns could be calculated as follows
[36]:

sin2my
2my

Ngya, f..A (1 ) + (o — a)f A (@)

fe

0

a; = 1.17-02 2)

where y is the ratio of center angle corresponding to the concrete
section area in the compression zone to 27; f;. is the axial compressive
strength of FRP wrapped concrete; f, is the axial compressive strength
of unconfined concrete; A is the section area of circular column; «, is the
ratio of section area of longitudinal compression reinforcement to that of
all longitudinal reinforcement; a, is the ratio of section area of longitu-
dinal tensile reinforcement to that of all longitudinal reinforcement; f,,
and A; are the yield strength and section area of longitudinal rein-
forcement, respectively.

It could be seen from equation (1) that the bearing capacity calcu-
lation formula contains two parts: the first part is the bearing capacity of
concrete in the compression zone, and the second part is the bearing
capacity of longitudinal reinforcement. For concrete in the compression
zone, the stress distribution was equivalent to rectangle and «a; in
equation (1) is the stress factor. The calculation formula of stress factor
adopted by GB 50608 [36] was proposed by Jiang [37], as shown in
equation (2). Actually, for circular section columns, both the stress
magnitude over the section depth and stress distribution width was
variable in the compression zone, and the stress factor was not easy to
obtain. The equation (2) was a simplified empirical formula. In addition,
for the bearing capacity of longitudinal reinforcement, the equation (1)
assumed that the longitudinal reinforcement was yield under the ulti-
mate limit state. However, under small eccentric loading, the whole
section of circular column was under compression while part of the
longitudinal reinforcement was still in the elastic stage. Therefore, it
could be found that the bearing capacity calculation formula proposed
by GB 50608 [36] was simplified and part of the stress states of the
circular column subjected to eccentric loading was not considered. And
the bearing capacity calculation method for circular RC columns sub-
jected to eccentric loading proposed by Chinese standard GB 50010 [38]
was similar to that by GB 50608 [36]. Currently, some scholars use the
trigonometric integral approach [39] or finite segment element method
[40] to calculate the area and location of the centroid of the circular
compression block for circular section columns subjected to eccentric
loading, and the stress reduction factor of concrete in the compression
zone was taken as 0.85 to avoid over estimation of the column strength.
These calculation methods were relatively complex and part of the
factors was approximate values. In this paper, therefore, to simplify the
calculation, the uniformly distributed longitudinal reinforcement was
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Fig. 7. Load-longitudinal strain curve of columns.

assumed to be equivalent to a round steel strip according to the principle
of area equality. Similarly, the circular section of column was assumed
as rectangular sections (with a height of 86.6 mm and width of 90.7 mm)
according to the principle of area and section moment of inertia
equality, as shown in Fig. 8. Moreover, based on the stress—strain re-
lationships of FRP partially wrapped concrete and steel bar subjected to
combined environmental erosion, the section analysis method was used,
and the force state of columns was divided into several cases according
to different eccentricities, and a simplified analytical method about the
bearing capacity prediction of FRP partially wrapped corrosion

Equivalent to
EEE——

GFRP strips

GFRP strips Steel strip

Fig. 8. Equivalent conversion of longitudinal reinforcement and circu-
lar section.

damaged columns was proposed.

4.1. Stress—strain relationship of FRP partially wrapped concrete under
combined environmental erosion

As shown in Fig. 9, the stress—strain model of FRP confined concrete,
which was proposed by Lam, was used in this paper [41]. The model
expression is given as follows:

A Stress (f,)
f ‘
I
EZpL‘ :
I
- |
- |
foper e i
2 ! |
At i ____ Un-confined !
i | concrete !
! i ! FRP-confined |
| | — !
, [ concrete |
cf ! |
P 8: . S
e .
o & e “  Strain (¢,)

Fig. 9. Stress—strain model of FRP confined concrete.
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where E is the elastic modulus of concrete; Egy is the slope of
ascending straight line; ¢, is the ultimate compressive strain of FRP
confined concrete at the edge of compression zone of column, and
expressed as follows [22]:

Ecc = (175 + loﬁE/ﬁ?O)'ECO (5)

where fj, is the lateral restraint stress provided by FRP strips under
freeze-thaw erosion environment; £, = 0.002 is compressive strain of
unconfined concrete [42].

For FRP partially wrapped column, the lateral restraint stress could
be calculated as follows [21]:

_ Akefpety-by

D-s ©®

ﬁt’

where k. = 0.586 is FRP strain efficiency factor [43]; fr is the tensile
strength of FRP strips subjected to freeze-thaw erosion; trand by are the
thickness and width of FRP strip, respectively; s is the spacing between
the two FRP strips; D is the diameter of column.

Due to the existence of strain gradient for eccentric loaded column,
the restraint effect of FRP will decrease compared to axial compression
loaded column. The influence of eccentricity is then taken into consid-
eration for E in the stress—strain model of FRP confined concrete, and
the expression is given as follows [22]:

ft‘c 7.)‘;0' 1
€. l+e/h

Ech = (7)

where e is eccentricity; h is height of equivalent rectangular section;
fec is the axial compressive strength of FRP partially wrapped concrete
under erosion environmental. The detailed calculation process of f..
could be found in the published work of authors in Appendix A, and the
expression is given as follows:

10,6k, fro-ty-by

foe =fo[l = (3.150% — 1173w + 13.98) x 103n] + Dos

()]

where  is the relative ratio of the actual concrete compressive
strength to the concrete compressive strength grade of C20, and w = Cm/
C20 (m > 20); n is the number of freeze-thaw cycles.

4.2. Stress—strain relationship of reinforcement under combined
environmental erosion

The influence of freeze-thaw erosion on was not obvious for me-
chanical properties of steel bar reinforced in concrete structures [44].
Therefore, only the influence of chloride erosion on the mechanical
properties of steel bar was considered. The ideal elastic—plastic stress—
strain relationship of reinforcement was adopted. The expression is as
follows:

fi= Ee,  0<6:<8qc
) O ESE

9

where ey, = o05./Es; Es and o are the elastic modulus and yield
strength of corroded reinforcement, respectively.

Existing studies [45,46] indicate that the elastic modulus of corroded
reinforcement remains unchanged while the yield strength decreases
with increasing corrosion degree, and the expression is given as follows:

O = (1= on,)h 1o

where ¢ is a constant and taken as 1.1; 55 is the corrosion degree; fy is
the yielding strength of un-corroded reinforcement.
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4.3. Calculation of equivalent rectangular stress of concrete and steel strip

4.3.1. Equivalent rectangular stress of concrete

For FRP confined corroded RC columns under small eccentric
loading, the plane section assumption is still applicable [12]. The stress
and strain distribution of concrete in equivalent rectangular column
section under eccentric loading is presented in Fig. 10. According to the
principles of resultant force equality and the action point of resultant
force unchanged, the stress distribution of concrete in the compression
zone of columns was assumed in rectangular form for calculation
convenience.

For a strain state as shown in Fig. 10, the concrete strain at any height
of compression zone under ultimate limit state could be calculated as
follows:

£ =21y an

where x is the depth of compression region of concrete; y is the
distance from this point to neutral axis.

Substitute equation (11) into equation (3), the following equation
could be obtained based on the principle of resultant force equality:

Afeopx =D
o 2
e Ecc (ECO - Ech) Ecc 2 /X
S PR Gl L P
0 [ % Y 4feo X Y y+ ay
€CC
+ E2p0~7-y] dy 12)

where a and § are coefficients of stress and height of rectangular
stress block, respectively.

According to equation (12), the following equation could be
obtained:

Jee = feo €

B=ITo0(0 T o) 3w

13)

Based on the principle of the action point of resultant force un-
changed, the following equation could be obtained:

a 2
ﬂx e Ecc (ECO - Ech) <€cc )2 /X
B Rty B0 En) e V7 [
== A 0 Y i ) [yt 71‘
gCC
+ Ezpc~7-y] -ydy /D (14

By simplifying equation (14), the following equation could be
obtained:

ﬂ fa' - fco 8,2

B30+ o) 126

(15)
According to equations (13) and (15), the expressions of @ and f are

given as follows:

(6 + 3R, — 2R,)’
6(R, —2)° + 12R, + 12

(16)

(Re —2)* + 2R, +2
b= 6 + 3R, — 2R, a”n
where R,=(fec-feo) (1 + e/h)/fe0; Re = €/€cc-

Seen from equations (16) and (17), the coefficients a and § were
related to the mechanical properties of FRP confined concrete and ec-
centricity. According to the test results, the values of a and j of FRP
strengthened columns with different eccentricities in this work are
presented in Fig. 11, which shows that the FRP type and eccentricity
have no significant influences on the value of # under the small eccentric
loading. Moreover, the value of a of CFRP strengthened columns was
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Fig. 11. Values of a and # of GFRP and CFRP strengthened columns with
different eccentricities.

greater than that of the GFRP strengthened columns while both the
values of a of GFRP and CFRP strengthened columns slightly decreases
with the increase of eccentricity.

4.3.2. Equivalent rectangular stress of steel strip

Fig. 12 presents stress distribution of steel strip in equivalent rect-
angular column section under eccentric loading. As shown in this figure,
the stress of steel strip was distribution in a trapezoidal form in the
elastic stage and rectangle form in plastic stage. Referring to the prin-
ciple of concrete stress equivalence, the stress distribution of steel strip
in elastic stage could also be equivalented to a rectangular form. The
following equations could then be obtained based on the principles of
resultant force equality and the action point of resultant force
unchanged:

_hith

as'ﬁ)'ﬁs “Xsh = P sh (18)

Neutral axis

Strain distribution

of trapezoid distributed stress, respectively; as and fs are coefficients of
stress and height of equivalent rectangular stress block of steel strip,
respectively, and the expressions are given as follows:

3R+
0t ) 0
_2(2f +f)

In addition, when the stress distribution of steel strip in elastic stage
follows a triangular form, it can be considered as a special case where
the upper bottom of the trapezoid is 0. And the values of a; and f; were
taken as 3/4 and 2/3, respectively.

4.4. Bearing capacity calculation of column

Since the fiber orientation of FRP strips was the hoop direction of
columns in this work, the contribution of FRP confined concrete in
tension zone to the bearing capacity of column was not considered. The
force state of columns was divided into four cases in accordance with
different eccentricities.

4.4.1. Case 1

In case 1, the steel strip is under full section compression. Fig. 13
presents the stress and strain distribution of concrete and steel strip. The
depth of compression region is under the state of (h + dy)/2 < x < h.
According to the plane section assumption and adopted geometry,
following equations could be obtained:

ﬂz(rﬁzi)%fs 2)
X

ﬁ) = Oy (23)

Ns[

Steel strip
stress

Equivalent stress
of steel strip

Fig. 12. Stress distribution of steel strip.
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Neutral axis

Strain
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of concrete

Steel strip Equivalent stress

stress of steel strip

Fig. 13. Strain and stress distribution of concrete and steel strip in case 1.

h + ds
Xsh = Xst1 — ( - ) (24)
2
where d; is the diameter of round steel strip; xg; is the distance be-
tween the position when the steel strip reached yield strength and the
neutral axis, as shown in Fig. 13, and calculated as follows:

Osc X

— 2
Es Ecc ( 5)

Xstl =

According to the equilibrium condition of column under ultimate
limit state, the force and moment balance equations are given as follows:

Ny =N¢+Ng +No (26)
h X, Xsh XX
N, (e+x7§7xm +ﬁ’25h> :Nc<x7§x7xm +ﬂ‘21> +N§2<5757“
h—ds fXa
! +T>
@7

where Nj is the bearing capacity of column under the state of case 1;
N, is the stress of concrete in compression zone; Ns; and N, are the
compressive stresses of steel strip in the elastic and plastic stage,
respectively. And the expressions are given as follows:

N. = afo-px-b 28)
]Vsl = as’o-sc'As(asz - asl) (29)
N<2 = (ysc'As(l - (Isz) (30)

where A; is section area of the steel strip; 27ay; is the central angle
corresponding to chord length of the intersection between the side
length of equivalent rectangular stress of steel strip in elastic stage that
close to the neutral axis and steel strip section, and 2ra;; is the central
angle corresponding to chord length of the intersection between the side
length of equivalent rectangular stress of steel strip in elastic stage that
far from the neutral axis and steel strip section, as shown in Fig. 13.

According to the geometric relationship, the following equations
could be obtained:

ds/2 - (1 — B )%

COSTTAy = 4/ 31
—h/2 — x4
COSTTAy) = )%/2“ (32)

Here, ay; is taken as 0 when coszag; > 1, and taken as 1 when coszag;
< — 1. The value range of other center angles in this paper is the same as
(38

4.4.2. Case 2

In case 2, the steel strip in the compression zone yields while the
tension zone is still elastic. Fig. 14 presents the stress and strain distri-
bution of concrete and steel strip. The depth of compression zone could
be obtained as:

ecc'Es'(h + di)
z(o-sc + Scc'Ea)

h+d,
< < J; : (33)

According to Fig. 14, the force and moment balance equations are
given as follows:

Ny = Ne+ N +Ng — N, (34
h o 2xa, Px Zxa X Xsu
N(e+x 573 ) = Ne(x > 3 )+st(2 3
h—d, ;2% 2%, 1

) NG5 5 (35)

where N is the bearing capacity of column under the state of case 2;
N7’ is the tensile stress of steel strip in elastic stage.

In this case, the expressions of N, N, and N,z were the same as those
in case 1. And N;;’ should be calculated as follows:

N;l = ans/cAsa;l (36)

where f;' is the bottom edge of triangular stress of steel strip in
tension zone; 27q;;’ is the central angle corresponding to chord length of
the intersection between the side length of equivalent rectangular stress
of steel strip in tension zone that close to the neutral axis and steel strip
section, as shown in Fig. 14.

The expression of f. is given as follows:

Neutral axis

Strain

Equivalent stress

Equivalent stress

Steel strip
of steel strip

of concrete stress

Fig. 14. Stress and strain distribution of concrete and steel strip in case 2.
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’
/ X,

fsc = ?h ® & ® Ey (37)

where xg’ is the height of triangular stress of steel strip in the tension
zone, and xg'=h/2 + ds/2 — x.

In this case, 27as; and 27as; satisfied the following geometric
relationships:

x—h/2— (1= f)xa

CoSTTA, = @ (38)
! dﬁ/z — ﬁsx;

cosma,, = T/Zh (39)

4.4.3. Case 3

In case 3, both the steel strip in compression and tension zone yield.
Fig. 15 presents the stress and strain distribution of concrete and steel
strip. The depth of compression zone is under following state:

Es'gcc'(h - ds)

Es’scc‘(h + ds)
X
Z(Es'gcc - Usc)\

2(65c + Es'ecc)

(40)

According to Fig. 15, the force and moment balance equations are
given as follows:

N3 = N.+ Ny + Ny —N;1 —N.:z “D
h 2xgq px 2xy X Xl
N- -5 :Nc 5 N5 76
(etr—3—=) = Nelv =5 =) +NalG =7
h—d, , Axg sohtdy x| Txg
_ N N, -5
4 )+ s]( 3 )+ 52( 4 2 6 )
(42)

where N3 is the bearing capacity of column under the state of case 3;
N7 is the tensile stress of steel strip in plastic stage.

In this case, the expressions of N, Ny, and N, were the same as those
in case 2. And N;;’ and N;,' should be calculated as follows:
N’\] = (ISO'SCAS((,I;l - a;z) (43)

s

Nz =0 oA a;z 44)

s!

where 27’ is the central angle corresponding to chord length of the
intersection between the side length of equivalent rectangular stress of
steel strip in tension zone that far from the neutral axis and steel strip
section, as shown in Fig. 15.

Besides, 27as;’ and 2rasy’ satisfy the following geometric
relationships:
o x—=h/24+ (1 =B )xau
cosma,, = i/ (45)
o x—h/24xq
cosma, = T‘ (46)

b
— Cuc
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4.4.4. Case 4

In case 4, the steel strip in the compression zone was in elastic stage
while the tension zone yields. Fig. 16 presents the stress and strain
distribution of concrete and steel strip. The depth of compression zone is
under following state:

h d

Es'gcc'(h - ds)
272

2(Es'ecc - o-sc) (47)

According to Fig. 16, the force and moment balance equations are
given as follows:

Ny =N.+Ng =Ny —N, (48)
h 2Xg1 px 2xg 2xXq1 22X ; h+d
Ni(e — = =N(x-= N, N.
4(e 2+x+3) Nc(x 2+3)+ .1(3 3)+ ,2(4
X -xstl)
2 6
(49)

where Ny is the bearing capacity of column under the state of case 4.
In this case, the expressions of N, N;;, and N, are the same as those
in case 3. And Nj; should be calculated as follows:

Ny = as:fic-As(1 — ag1) (50)

where f;. is the bottom edge of triangular stress of steel strip in the
compression zone, and calculated as follows:

X

f\a - 7'50c Es (51)

Besides, the geometric relationships 2zas;” and 27a,’ are the same as
those in case 3, and x,, should be calculated as follows:
h d

xsh:xfiJri (52)

4.5. Model validation and discussion

For case 1, substitute x=(h + ds)/2 into formulas (26) and (27), the
limit of the eccentricity e; could be calculated. Similarly, substitute x =
eccoEgo(h + ds)/2/ (05 + €cc®Eg), X = Egoecco(h — dg)/2/(Egee.. — 04c), and
x=(h — dyg)/2 into formulas (34) and (35), formulas (41) and (42), and
formulas (48) and (49), respectively. The limit of the eccentricity ey, es,
and e4 for case 2, case 3, and case 4 could be calculated, respectively.
Based on the design parameters in this experiment, the limit of the ec-
centricities of GFRP wrapped column with corrosion degree of 15.44 %
were obtained as follows: e; = 12 mm, e; = 18.7 mm, e3 = 89.7 mm. And
the limit of the eccentricities of CFRP wrapped column with corrosion
degree of 15.44 % were obtained as follows: e; = 11.7 mm, e; = 16 mm,
e3 = 96.3 mm. When the depth of compression zone x=(h — ds)/2, both
the GFRP and CFRP wrapped columns were almost in pure bending state
and the bearing capacity close to zero. Substitute the eccentricities
applied in this experiment into the bearing capacity calculation formulas
of corresponding cases, the bearing capacity of columns could then be
calculated. Fig. 17 presents the experimental and calculated bearing

Yo
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O-SC

%%j]vs_?
= N sl

sc

Equivalent stress
of steel strip

Equivalent stress
of concrete

Steel strip
stress

Strain

Fig. 15. Stress and strain distribution of concrete and steel strip in case 3.
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Fig. 16. Stress and strain distribution of concrete and steel strip in case 4.
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Fig. 17. Experimental and calculated results.

capacities of different series columns in this experiment. The average
ratio of experimental to calculated results is 1.058 and the COV is 0.056,
which confirms the accuracy of the model.

Fig. 18 presents the peak axial force and bending moment (P-M)
interaction diagrams of different series columns calculated by the pro-
posed analytical model. For case 1 and case 2, the columns were under
compression dominated region, case 3 were transition region, and case 4
were tension dominated region. Fig. 18(a) presents the P-M interaction
diagrams of GFRP strengthened column with different corrosion de-
grees. The size of P-M envelope of GFRP strengthened columns showed a

300
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2 200 -
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a, 100 |
50 -
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Bending moment (kN +m)

(a) GFRP strengthened columns with
different corrosion degrees

decreasing trend with the increasing corrosion degree, which indicated
that the reinforcement corrosion and freeze-thaw erosion plays an sig-
nificant effect on the capacity of columns regardless of the eccentricity.
Under axial compressive loading, the axial force of columns decreased
with the increasing corrosion degree. And under pure bending load, the
bending moment of columns also showed a decreasing trend with the
increasing corrosion degree. Besides, under small eccentric loading,
both the axial force and bending moment of columns decreased with the
increasing corrosion degree. However, under large eccentric loading,
the axial force of columns increased with the increasing corrosion de-
gree under the same bending moment. The main reason was that most of
the longitudinal reinforcements were in tension under large eccentric
loading, and corrosion would lead to the decreasing tensile stress of
reinforcements, thus result in the increasing axial force of columns. The
P-M interaction diagrams of GFRP and CFRP strengthened columns with
the corrosion degree of 15.44 % are presented in Fig. 18(b). In
compression dominated region, the capacity of CFRP strengthened col-
umns was significantly higher than that of GFRP strengthened columns.
While under the large eccentric loading, the capacity of CFRP
strengthened column gradually reduced to the same level with that of
the GFRP strengthened columns with the increase of eccentricity. This
was due to the fact that the fiber orientation of FRP strips in this study
was along the hoop direction of columns and had no improvement on
the tensile properties of concrete under pure bending moment.

5. Conclusions
In this work, the mechanical properties of FRP strengthened RC
columns under combined environmental erosion were investigated

under small eccentric loading conditions. Experimental explorations as
well as analytical models were proposed, and the main conclusions are
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Fig. 18. P-M interaction diagrams of columns.

11



Z. Gu et al.

summarized as follows:

(1) The FRP strengthened corroded RC columns subjected to
freeze-thaw cycles exhibits ductile failure regardless of the ec-
centricity. Tensile failure modes with neat or serrated section
dominate for CFRP strips wrapped on the columns, while the
GFRP strips adopt the splitting or tearing failure modes.

Both the GFRP and CFRP strengthened columns present a
decreasing trend of bearing capacity with the increasing eccen-
tricity, while this effect reduces with the increasing eccentricity.
The bearing capacity of GFRP strengthened columns follows a 2-
stage behavior, which firstly increases and then decreases, with
the increasing corrosion degree. The maximum bearing capacity
is reached when the corrosion degree is 15.44 %. The strength-
ening effect of CFRP is more significant than that of GFRP under
small eccentric loading.

The longitudinal strain of axial compression loaded columns at
ultimate load point is about 0.15 to 0.55 times of that of the
eccentric loaded columns. And the ductility of FRP strengthened
corrosion damaged columns decreases with the increasing
corrosion degree.

A simplified analytical model about the bearing capacity pre-
diction of FRP partially wrapped damaged RC columns under
eccentric loading is proposed. Modeling results agree well with
the experimental results.

(2)

3

(4

—

Due to the limited experimental conditions and time, only the small
scale circular columns with diameter of 100 mm were tested in this
study. And the concrete strength, number of FRP layers, and freeze-thaw
cycles were also unchanged. The future investigations would enrich the
relatively limited experimental setups and take into consideration the
variations of freeze-thaw cycles, volumetric FRP ratio, concrete
compressive strength, and column size to further investigate the appli-
cability of the test results and proposed analytical model in practical
scenarios..
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Appendix A

The explanation about the actual corrosion degree of steel bar in the
RC columns and formula derivation of f.. associated with this paper
could be found in the published literature of authors, at https://doi.
org/10.1016/j.jobe.2022.104883.
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