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Abstract: Considerable studies have been carried out on the seismic performance of
fiber-reinforced polymer (FRP) retrofitted reinforced concrete (RC) columns. However, research on
the seismic performance of FRP-retrofitted RC columns under lateral loading in different directions
remains limited. This paper presents an experimental investigation on both un-retrofitted and carbon
FRP (CFRP) retrofitted rectangular RC columns with an emphasis on the effect of the directions of
lateral loading on the seismic performance of the columns. A total of ten large-scale cantilever
rectangular RC columns were constructed and five of them were retrofitted with CFRP wraps at the
potential plastic hinge regions. The overall performance of each specimen is examined in terms of
damage evolution, lateral load-displacement hysteretic behavior, lateral strength, ductility capacity,
stiffness degradation, and energy dissipation. The direction of lateral loading is found to have
significant influence on the seismic performance of both un-retrofitted and CFRP-retrofitted
rectangular RC columns. It is also found that the shear strength of the un-retrofitted and
FRP-retrofitted rectangular RC columns in nonprincipal directions can be predicted based on the

lateral strength in the principal directions by the ellipse equation.

Keywords: FRP; Rectangular RC columns; Seismic retrofit; Seismic performance; Lateral loading

directions.



1. Introduction

As the main vertical members, columns are critical elements for the seismic performance of
buildings. In the majority of earthquake cases, the collapse of reinforced concrete (RC) frame
buildings is mainly caused by the failure of columns [1]. Therefore, numerous studies have been
conducted on the seismic performance of RC columns [2-7]. It has been found that the most
common causes of failure or severe damage of the RC columns are the lack of transverse
confinement and ductility, inadequate shear or flexural capacity, and the strong-beam weak-column
mechanism. In the past two decades, the use of externally bonded fiber-reinforced polymer (FRP)
composites in the hoop direction has been found to be an effective strengthening/retrofitting method
for improving the seismic performance of RC columns. As a result, considerable investigations on
the seismic performance of RC columns strengthened/retrofitted with FRP have been conducted
[8-17]. The majority of existing studies on the seismic performance of both RC columns and
FRP-strengthened/retrofitted RC columns have been concentrated on the lateral loading in the
principal direction of the columns. However, actual structures generally are subjected to multiaxial
earthquake excitation. The seismic excitation loading can be in any direction. Moreover, the
skewness also is another cause of maximum seismic response of FRP-retrofitted columns not being
in the principal direction [18-19]. Consequently, it is essential to evaluate the effect of
multi-directional lateral loading on the seismic performance of RC columns to develop more
reliable design and strengthening/retrofitting procedures.

Thus far, the studies on the seismic performance of both RC columns and strengthened
[retrofitted RC columns under multi-directional lateral loading are very limited, especially for
FRP-strengthened/retrofitted RC columns. The limited available studies on RC columns have
demonstrated that the failure mechanism of RC columns was significantly dependent on the loading
path/direction. The ductility and energy dissipation capacity of the columns were also strongly
affected by the loading path/direction. In addition, the biaxial cyclic lateral load was found to

increase the strength and stiffness degradation when compared to the uniaxial load. Moreover, some
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experimental evidenced that the plastic hinge-zone length tends to be stable around theoretical
values and are not strongly affected by biaxial loading [20-26]. To the best of the authors’
knowledge, only two experimental studies on the seismic performance of FRP-strengthened or
retrofitted rectangular RC columns under biaxial loading have been conducted [27-28]. Dong et al.
[27] conducted an experimental study on the seismic performance of CFRP-confined RC
rectangular hollow bridge piers under unidirectional and bidirectional reverse lateral loads. The test
results indicated that the damage of the columns was more serious and the failure process was
accelerated when subjected to bidirectional earthquake action. The lateral load bearing capacity,
ductility, stiffness and energy dissipation capacity were also reduced under bidirectional loading
when compared with unidirectional loading. Rodrigues et al. [28] carried out an experimental
campaign of RC columns and retrofitted RC columns subjected to biaxial cyclic loading actions.
The experimental results show that the biaxial loading patterns have significant effects on the
non-linear behavior and capacity of the columns. Due to the lack of investigations on the
multi-directional seismic performance of FRP-retrofitted RC columns, there is no well-established
design method to calculate the strength and ductility capacity of retrofitted RC columns.

To better understand the seismic performance and enrich the available experimental data of
FRP-retrofitted RC columns under multi-directional loadings, this paper presents an experimental
study in which 10 large-scale rectangular RC columns were tested under combined constant axial
compression and reversed cyclic lateral displacements in different directions. Five columns were
retrofitted with externally bonded carbon fiber-reinforced polymer (CFRP) wraps in the potential
plastic hinge regions. The effect of lateral loading direction variation is evaluated in terms of
damage evolution, lateral load-displacement hysteretic behavior, lateral strength, ductility capacity,
stiffness degradation, and energy dissipation. The tests results of un-retrofitted and retrofitted

columns are also compared to evaluate the efficiency of the CFRP retrofitted strategy.

2. Experimental program

2.1 Test specimens and material properties
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A total of 10 large-scale rectangular RC cantilever specimens representing half of building
columns were prepared and tested under combined constant axial compression load and lateral
reverse loading in different directions. The specimens were designed according to the out-of-date
seismic design code of China (GBJ11-89) [29] to represent the numerous existing substandard RC
frame columns. The specimens can be divided into two groups: five columns were tested without
retrofitting as control specimens, and the other five corresponding columns were retrofitted by
laterally wrapping three layers of unidirectional CFRP wraps in the potential plastic hinge zone.
Each specimen has the identical rectangular cross section of 300 mm x 450 mm and a clear
cantilever height (the part between the stub footing and the RC cuboid) of 1200 mm. To simulate a
fixed-end boundary condition and single bending of the column, the columns were constructed with
a strong concrete stub footing of dimensions 1500 mm x 650 mm x 600 mm. In addition, an RC
cuboid with a dimension of 700 mm x 650 mm x 400 mm was also cast integrally at the top of each
column in order to accommaodate the connection of the lateral loading actuator.

All specimens had the same longitudinal and transverse reinforcement. Eight 20 mm diameter
hot-rolled deformed steel bars were adopted as the longitudinal reinforcement, leading to a
longitudinal reinforcement ratio of 1.86%. The longitudinal steel bars were anchored into the
footing with a sufficient anchorage length. The transverse reinforcement of each column consisted
of 8 mm diameter plain steel bars with a 135-degree hook. According to the out-of-date seismic
design code (GBJ11-89) [29], the potential plastic hinge zone of columns should be provided with
dense transverse reinforcement. For the first storey of RC frames, the height of densely spaced area
of transverse reinforcement was 500 mm at the potential plastic hinge region of columns. As a result,
the spacing of transverse reinforcement within and outside the potential plastic hinge region (i.e.

500 mm) in the present study was 100 mm and 200 mm, respectively, resulting in volumetric
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transverse reinforcement ratios of 0.6% and 0.3%, respectively. Tensile tests on three bars were
conducted for each type of reinforcing bars according to ASTM E8/E8M [30]. The measured
average yield stresses were 430.7 MPa and 315.0 MPa for the longitudinal and transverse bars,
respectively. The concrete cover thickness, measured to the outer side of the transverse reinforcing
bars, was 30 mm for each column. The main variable in this study was the lateral loading direction,
which varied from 0° (i.e. strong axis direction), 30°, 60°, 75° to 90° (i.e. weak axis direction). To
simulate the variation of lateral loading direction, the clear cantilever part of the column (the part
between the top of the stub footing and the bottom of the RC cuboid) was rotated about the vertical
axis when constructed, as shown in Fig. 1(b) and Fig. 2(b). The dimensions and reinforcement

details of the specimens are illustrated in Fig. 1.
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(a) Dimensions and reinforcement details for LO series

Fig. 1 Specimen details (units: mm)

Table 1. Tested mechanical properties of steel reinforcement and CFRP

(b) Variation of lateral loading directions

Material Diameter/Thickness Yield stress Tensile strength Elastic modulus
(mm) (MPa) (MPa) (MPa)
Steelbars  © 315.0 382.7 194654
20 430.7 656.5 214453
CFRP 0.167 - 4340 244000

One batch of commercial concrete was used to produce the specimens. The 28-day average
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compressive cylinder strength and that during the tests were 29.1 MPa and 38.2 MPa, respectively,
according to axial compression tests on standard 150 mm x 300 mm cylinders. After 28 days
standard curing, 5 specimens were retrofitted by wrapping 3 layers of unidirectional CFRP sheets
laterally in the potential plastic hinge zone of the columns via a wet lay-up process. The epoxy resin
consisted of two components (i.e. main agent and curing agent) was used to bond the CFRP wraps.
The height of the wrapped region was 500 mm (i.e. approximately 1.11h, with h ="height of the
cross-section), which was the same as the densely spaced area of transverse reinforcement. The
wrapped height was sufficient for the development of plastic hinge based on the existing studies on
the plastic hinge length models [31-34]. For example, Sheikh and Khoury [31] suggested a plastic
hinge length of 1.0h for columns under high axial loads. Tirasit and Kawashima’s [32] tests showed
that the length of damage zone was between 0.5D (with D = diameter of the circular cross section)
and 1.5D for columns under different levels of loading. Other models [33-34] also provide similar
predictions. Before applying CFRP, the concrete surface of the retrofitted region was slightly
ground to form the desired corner radius. The corner radius for all the columns was equal to 0.1h
(i.e. 45 mm). The CFRP wrap had a nominal thickness of 0.167 mm per layer, and the measured
average tensile strength-and elastic modulus from six flat coupon tests according to ASTM D3039
[35] were 4340 MPa and 241 GPa, respectively, based on the nominal thickness of CFRP. The
tensile strength, compressive strength, bending strength, bonding strength with concrete surface,
elastic modulus and elongation of epoxy resin after curing were 40.6 MPa, 75.4 MPa, 85.2 MPa, 4.1
MPa, 2800 MPa, and 1.7%, respectively. The details of mechanical properties of reinforcing bars
and CFRP are summarized in Table 1. The specimen details are illustrated in Table 2. In the table,
the name of the specimens starts with a letter “L” and a following number to represent lateral
loading direction angle. The last letter “C” or “R” refers to the control or retrofitted columns. For
example, specimen L30-R refers to a CFRP-retrofitted RC column tested under reverse lateral

loading in an angle of 30° with respect to the strong axis of the column, as shown in Fig. 1(b).
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Table 2. Specimen details

Specimens bxh H Longitudinal Stirruns 0 CFRP Load
P (mm) (mm) bars P layers direction
LO-C no
L30-C 200
Control ~ L60-C 0 AN°
L75-C 2E0
L90-C 300x450 1400 8620 $8@100/200 0.40 "
LO-R 0o
L30-R 30°
Retrofitted L60-R 3 A0°
L75-R 750
L90-R ane

Notes: b=width of cross section, h=height of cross section, H=height of column, n=axial
compression ratio.

2.2 Test setup and instrumentation

The columns were subjected to a constant axial load and reverse lateral loads with different
loading directions. In the present study, the constant axial load was equal to 2063 kN for all the
specimens, leading to an axial compression ratio of 0.4 according to current Chinese design code of
(GB50011-2010) [36].

n=P/Af, (1)
where P = applied axial load; f. = cylinder compressive strength; and A = gross area of the column

section.

At the beginning of the test, the axial load was slowly applied on the top of the specimens until
the designed level was achieved and then maintained during the test. In order to enable the constant
axial load to be maintained and moved with the upper part of the columns during test, a specific
loading apparatus was utilized as shown in Fig. 2. In this case, the second-order effects (i.e. P-A
effect) could be incorporated and simulated in the testing process.

The reverse lateral load was applied on the top of the columns by an electro-hydraulic actuator
under displacement control mode. Considering the difference in the displacement capacity between
the un-retrofitted and CFRP-retrofitted columns, two different lateral loading schemes were adopted,

as shown in Fig. 3.
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Fig. 3 Lateral loading scheme

Time

Displacement factor (mm)

T

T

T

(b) schematic

Submitted to Composite Structures

(c) photograph
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Retrofitted specimens

(b) Retrofitted specimens

For the control specimens group, the displacement increment was set to be 4 mm and reversed

twice at each level, except for the first displacement level which was repeated once only, as shown

in Fig. 3(a). For all the specimens in the retrofitted specimens group, the first and second

displacement levels were also increased with an increment of 4 mm and reversed once only, while

the subsequent levels were increased with the imposed increment of 8 mm and reversed twice at

each displacement level, as shown in Fig. 3(b). The tests were terminated when the columns lost

over 30% of the lateral resistance capacity. The axial and lateral loads were measured by load cells.

The lateral displacement was measured by three linear variable displacement transducers (LVDTS)
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along the height of columns (i.e. LVDT 1 to 3 in Figure 2a). Furthermore, two LVDTs (i.e. LVDT 4
and 5) were installed vertically to monitor the potential rotational displacement of the footing, as

shown in Fig. 2(a).

3. Experimental results and discussions

3.1 General test observations and failure modes

The comparison of typical failure modes between the control and retrofitted specimens are
shown in Fig. 4. It was found that the failure of the control specimens generally varied from brittle
shear failure mode to ductile flexural failure mode with the variation of lateral load direction from
the strong axis direction (i.e. 0°) to the weak axis direction (i.e. 90°). However, all the retrofitted
specimens exhibited ductile failure mode despite the variation of lateral loading directions.

For the specimens tested in the strong axis direction (i.e. 0°), the control specimen LO-C finally
exhibited a typical brittle shear failure mode. Initially, horizontal flexural cracks were formed on the
tension side of the plastic hinge region at the lateral displacement level of 8 mm. Subsequently, the
initial cracks widened and extended diagonally and more cracks occurred with the increase of
lateral displacement. The concrete cover spalling was observed when the lateral displacement
increased to 16 mm. No new cracks were formed after the lateral displacement reached 20 mm, but
most existing diagonal cracks extended and widened. The concrete cover spalling area also
increased with the increase of displacement level. Finally, a main diagonal shear crack extending
the whole height of the column was formed at the displacement of 28 mm. The columns exhibited
brittle failure mode due to the shear effect. The concrete in the plastic hinge region was also found
to be severe spalled and crushed. The internal steel reinforcement in the column end was totally
exposed. Outward bending of transverse reinforcement and buckling of longitudinal bars were
evidently observed, as shown in Fig. 4(a). After retrofitted with CFRP at the potential plastic hinge
region (i.e. LO-R), the brittle failure of the column was effectively prevented. One micro crack at
the un-retrofitted regions was first observed at the same lateral displacement level of 8 mm. More

cracks were formed and diagonally extended at the un-retrofitted region when the lateral
10
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displacement reached 24 mm. The cracked area was between 0 mm to 400 mm above the CFRP
wrapped region. However, no apparent damage was noticed at the retrofitted region except audible
epoxy cracking at this stage. With the increase of lateral displacement, a few horizontal cracks on
the CFRP wraps were formed. One main crack was formed at the height of 150 mm above the
footing surface and the width increased up to about 2 mm when the displacement reached to 72 mm.
Finally, the rupture of CFRP wraps occurred at this position, as shown in Fig. 4(b). In this case,
however, the lateral resistance of the column was not rapidly reduced afterwards, and still remained
about 70% of the tested peak load capacity. To further observe the damage of the retrofitted area,
CFRP wraps were removed after the tests. It was observed that the concrete cover spalled, but the
damage level was significantly reduced compared with the un-retrofitted control specimen LO-C.
Buckling of longitudinal bars at the CFRP rupture position was also observed.

The failure process and final failure mode of the control (L30-C) and retrofitted column
(L30-R) was similar as those of the corresponding specimens (i.e. LO-C and LO-R), respectively,
despite the variation of lateral loading direction (i.e. from 0° to 30°). The control specimen L30-C
also exhibited shear failure features. One main diagonal shear crack was formed at the end of the
test, but the extending height was slightly smaller than that of the control specimen LO-C. The
severe spalling and crushing of the concrete, outward bending of transverse reinforcement and
buckling of longitudinal bars were also evidently observed at the plastic hinge region of the column,
as shown in-Fig. 4(c). For the retrofitted specimen L30-R, the final failure was changed to more
ductile flexural mode similar to that of specimen LO-R. The horizontal and diagonal cracks on the
concrete of the upper un-retrofitted regions and a few horizontal cracks on the CFRP wraps were
also observed, but no rupture of CFRP wraps occurred at the end of test. After removal of wrapped
FRP after test, it was found that the damage of the concrete was slightly less severe than that of the

corresponding retrofitted specimen LO-R.
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(j) L90-R

Fig. 4 Failure modes

With the lateral load direction increased to 60° and 75°, the damage processes of the control

specimens (i.e. L60-C and L75-C) were similar to that of the corresponding control specimens

12
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tested with smaller angles of lateral loading (i.e. LO-C and L30-C), but the final failure changed to
combined flexural-shear modes. The shear failure feature (i.e. diagonal cracks) became less evident
and more flexural failure feature (i.e. horizontal cracks) was observed. The height of severe
damaged area was also reduced and the damage was concentrated within the bottom 500 mm region,
as shown in Fig 4 (e) and (g). After being retrofitted with CFRP (i.e. L60-R and L75-R), the
deformation capacity of the columns was again significantly improved, but the lateral resistance
was found to decrease more rapidly, compared with the retrofitted specimens tested with smaller
angles of lateral loading (i.e. LO-R and L30-R). Removal of wrapped CFRP after test revealed that
the concrete was only slightly crushed in the plastic hinge region, as shown in Fig 4 (f) and (h). This
is due to the lateral stiffness was significantly reduced and shear span ratio increased with the
increase of lateral loading angle increased. The lateral resistance of the columns will decrease with
the decrease of lateral stiffness and increase of shear span ratio. However, the damage of concrete in
the plastic hinge region has less influence on the lateral resistance of columns.

Both the control and retrofitted specimens exhibited flexural ductile failure mode when tested
in the weak axis direction (i.e. L90-C and L90-R). For the un-retrofitted control specimen L90-C,
the concrete was cracked very close to the horizontal direction and the severely damaged region
was concentrated on the bottom end of the columns within a 200 mm height. Only a few of the
internal steel reinforcing bars were exposed, as shown in Fig. 4(i). For the retrofitted specimen
L90-R; the damage was effectively reduced compared to the corresponding control specimen L90-C.
The CERP wraps were found to be almost intact after test and the upper un-retrofitted region of the
column was also not observed to exhibit significant damage except several horizontal cracks due to
excessive flexural deformation. After removing the CFRP wraps, it was found that the concrete

surfaces only suffered slight damage, as shown in Fig. 4(j).

3.2 Lateral load-displacement curves

The comparison of experimental lateral load-displacement hysteretic and envelop curves of

each pair of control and retrofitted specimens subjected to lateral loading with the same direction is

13



shown in Fig. 5 and Fig. 6, respectively.
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Fig. 5 Experimental lateral load-displacement hysteretic curves
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Fig. 6 Envelop curves for different loading directions
It is evident from Fig. 5 that the hysteretic behavior was significantly improved for each lateral

loading direction after being retrofitted with CFRP, especially for the lateral loading in the 0° and

14



30° directions. The retrofitted columns exhibited much wider hysteretic loops and larger energy
dissipation capacity than the corresponding control specimens for all loading directions. However,
the enhancement in the hysteretic behavior decreased with the increase of loading direction angle
(i.e. from 0° to 90°). It was also easily noted from Fig. 6 that the ductility of the columns was
significantly increased after being retrofitted with CFRP, while the lateral load capacitywas hardly
increased except when loaded in the 60° direction. The ultimate lateral displacements were
significantly enhanced due to the use of additional CFRP wraps, especially in the loading angles of
0° and 30°. The CFRP retrofitted columns also exhibited much more gradual post-peak strength

degradation compared to the corresponding control specimens.
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Fig. 7 Comparison of envelop curves in all the loading directions

Fig. 7 shows the comparison of envelop curves in all the loading directions for control and
retrofitted specimens, respectively. For control specimens, it is evident from Fig. 7(a) that the
envelop curves has noticeable variations with the lateral loading angle changing from 0° to 60°. The
peak lateral strength and initial stiffness were remarkably reduced when the angle of loading
direction increased from 30° to 60°. After that, the variation of loading angle has slightly influenced
on the envelop curves. The initial stiffness was slightly reduced, while the ductility was slightly
enhanced with the increase of loading angle. Generally, it was found that the loading angle of 60°
can be regarded as the weakest direction for rectangular RC columns. With this loading direction,
the control column exhibited similar peak lateral strength and initial stiffness, but smaller peak and
ultimate displacements and more rapid post-peak strength degradation than the corresponding

column tested in the weak axis direction (i.e. 90°). For CFRP retrofitted specimens, the peak lateral
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strength and initial stiffness generally decreased with the increase of lateral loading angles, as
shown in Fig. 7(b). Moreover, the rate of post-peak strength degradation (i.e. the slope of the
descending branch) was approximately the same, except for the 60° direction. When loaded in this
direction, the retrofitted specimens exhibited more rapid post-peak strength degradation and smaller
ductility capacity. Similar to the control rectangular RC columns, it is demonstrated that the 60°
angle of loading direction is another weak axis for CFRP retrofitted rectangular RC columns.

Table 3. Summary of test results

Specimen  Load direction By Vy K=AVy A Ve Bu % L=AJA,
(mm)  (kN) (KN/mm)  (mm) <(kN) (mm) (%)
+ 9.56 308.42 32.26 18.79  361.77 28.08
LO-C - 740  290.17 39.21 13.97 34486 26.50
0° AVG 8.48 299.30 35.29 16.38 35332 2729 195 3.22
+ 9.02 30557 33.88 18.26 353.63 61.17
LO-R - 844 32254 3822 18.37 380.73 80.77
AVG 8.73 314.06 35.97 18.32 367.18 70.97 5.07 8.13
+ 10.16 282.06 27.76 1426 328.78  26.99
L30-C - 7.38 28749  38.96 13.88 335.96 25.06
300 AVG 8.77 284.78 32.47 14.07 33237 26.03 186 297
+ 8.69 28445 3273 15.78 333.61 50.44
L30-R - 10.12° 286.98 28.36 17.69 330.62 74.99
AVG 941 ~ 28572 30.36 16.74 33212 6272 4.48 6.67
+ 10.09 224.75 22.27 17.08 260.00 22.35
L60-C - 7.48 219.64 29.36 14.41 258.33 24.02
60° AVG 8.79 22220 25.28 15.75 259.17 2319 166 264
+ 993 26256 26.44 26.37 307.00 41.83
L60-R y 1057 261.88 24.78 18.40 309.39 35.99
AVG 10.25 262.22  25.58 2239 30820 38.91 278 3.80
+ 9.06 218.05 24.07 21.78 250.90 31.70
L75-C - 9.94 214.19 2155 21.76 249.69 25.11
250 AVG 950 21612 22.75 21.77 250.30 2841 2.03 2.99
+ 10.78 223.46  20.73 17.34 263.07 46.33
L75-R - 9.52 201.65 21.18 17.34 24243 4447
AVG 10.15 21256 20.94 17.34 25275 4540 3.24 4.47
+ 12.18 226.09 18.56 17.90 263.80 29.28
L90-C - 9.18 20417 22.24 18.20 229.17 29.90
90° AVG 10.68 215.13 20.14 18.05 246.49 2959 211 277
+ 9.74 22267 22.86 18.91 258.23 35.61
L90-R - 853 20562 2411 18.62 245.29 35.48
AVG 9.14 214.15 2343 18.77 251.76 3555 254 3.89

Notes: Ay and Vy = yield displacement and corresponding strength; Ky=A,/Vy initial stiffness; A; and V. = peak

displacement and corresponding strength; A, and J,, = ultimate displacement and drift ratio; x=A,/Ay ductility factor.
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3.3 Lateral strength

To investigate and evaluate quantitatively the variation in the seismic performance, the lateral
displacement and the corresponding strength at the yield (i.e. Ay and Vy), peak (i.e. Ac and V), and
ultimate (i.e. A, and V,) points were obtained from the envelop curves, as summarized in Table 3.
The definition of yield point was determined by the widely accepted energy method which was
proposed by Mahin and Bertero [37-38], as illustrated in Fig. 8. The ultimate point refers to the
point where the lateral load was reduced to 85% of the peak load. It is evident from Table 3 that the
yield and peak lateral strength of control and retrofitted specimens both generally decreased with

the increase of loading angle.

A

Equal i«
areas

Lateral load P

- —

B

A( An

Displacement A

Fig. 8 Energy method
Fig. 9 shows the relationship between the lateral strength of all the specimens and the angle of
lateral loading. In the figure, the two experimental lateral strengths in the weak and strong axes (i.e.

Vy and Vy) are linked by the ellipse equation as follows:

2 2

V2oV
VLszV—zy:l )
X y

where Vy and Vy are the lateral strength in the strong and weak axis directions (i.e. 0° and 90°);

V=V, -cosa and V, =V, -sina are the components of lateral strength in the diagonal direction

when projecting to the strong and weak axis directions; V_ =,V2 +V?’ is the lateral strength in

ax ay

diagonal direction with angle of o« degree. In other words, the shear strength of rectangular

columns in nonprincipal directions can be predicted based on the shear strength in principal
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Fig. 9 Lateral strength versus loading directions

It is evident from Fig. 9 (a) that both the yield strength and peak strength of control specimens
followed approximately the ellipse line. The test values of the lateral strengths in the loading angles
of 30°, 60° and 90° are all consistent with the predictions of the ellipse equation. For the FRP
retrofitted specimens, both the yield and peak strength were also generally consistent with the
ellipse curve, except for the 60° direction. In this direction, the test results are obviously larger than
the predicted values of Eq.(2), as shown in Fig. 9(b). In addition, it is easily observed from Table 3
and Fig. 9 that both the yield and peak strengths of the rectangular RC columns were only slightly
enhanced after being retrofitted with CFRP. Moreover, the enhancement also generally decreased
with the increase of loading direction angles, except for the 60° direction. For example, the average
increase in the peak strength after being retrofitted with CFRP was about 3.92% and 2.14% in the 0°
and 90°, respectively, but the increase reached 18.92% in the 60° direction. Previous discussion in
Fig. 7 has shown that the angle of 60° can be regarded as another weak axis. The larger increase
indicated that the lateral load bearing capacity was effectively improved in this weak direction after
being retrofitted with CFRP.

From the above discussions, it can be concluded that the lateral strength of un-retrofitted
rectangular RC columns in nonprincipal directions can be reasonably predicted based on the lateral

strengths in the principal directions using the ellipse equation, while the lateral strength of
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retrofitted columns can be conservatively predicted using the same equation. The current Chinese
Code for Design of Concrete Structures (GB50010-2010) [39] also specified that the shear capacity
of rectangular RC columns in nonprincipal directions followed the ellipse rule. Considering the
earthquake action, the shear capacity of rectangular RC columns in the two principal directions (i.e.

strong and weak axis directions) can be predicted by the following equations [39]:

v, =L(i_°5l fibhy + f,, 2o py +0.056Nj ©)
Vre \ & T S
’ :i(j_oi f hb, + fw%bO +0.056N] (4)
Tre \ Ay T

where, Vyx and V,y = shear capacity in the two principal directions (i.e. X and y directions); yre =
adjustment coefficient of seismic resistance, which is taken as 0.85 for shear capacity; b and h =
width and depth of rectangular cross section; by and hgy = effective width and depth of rectangular

cross section; A, =H, /2h, and A, =H, /2b, are the shear span ratio of RC frame columns in x

and y direction, respectively; The shear span ratio (1) was specified between 1 to 3, the value is
equal to 1 if calculated actual value is smaller than 1 and equal to 3 if larger than 3; H, = clear
height of column; f; = tensile strength of concrete; fy, = yield strength of transverse steel
reinforcement; Ay and Asyy = total cross-sectional area of transverse reinforcement parallel to x and
y direction, respectively; s = center to center spacing of transverse reinforcement; N = axial
compression load, which is no larger than 0.3f;A. Then, the shear resistance of rectangular RC
columns in any direction can be predicted based on the Eq. (2) to (4).

Fig. 10 presents the comparison between the test results and predictions of the shear resistance
model. It should be noted that the strengthening scheme was designed for seismic retrofit of
columns. The purpose was in order to gain more ductility. Therefore, the FRP wraps were applied
laterally at the potential plastic hinge regions only. The previous discussions have also demonstrated
that the wrapped FRP has little influence on the peak strength of columns, as shown in Fig. 9.

Consequently, the critical section to calculate the shear capacity of FRP-retrofitted columns was the
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same as that of control specimens, which is the cross section of un-retrofitted region with the hoop

spacing of 200 mm.
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Fig. 10 Comparison between experimental and predicted peak strengths

It is evident from Fig. 10 that the predicted results were larger than the test values of control
specimens and CFRP-retrofitted specimens when the lateral loading angle becomes larger than 30°
and 60°, respectively. It means that the shear resistance of rectangular columns will be
overestimated by the shear strength equitation of current design code in the angle of about 30° to 90°
directions. This is mainly due tothe fact that the design code specifies the maximum limit value of
shear span ratio is equal to 3.0 when calculating the shear resistance of rectangular RC columns by
Eq. (3) and (4). In this case, the predicted shear strength will be larger than that calculated using
real shear spanratio for columns with a shear span ratio larger than 3.0. In the present study, the
shear span ratio in the weak axis direction (i.e. 90°) was about 4.7. The predicted shear strength was
approximately the same as the test results in the larger angle of loading directions if calculated
using the real shear span ratio by the Eq. (2) to (4), as shown in Fig. 10. It is indicated that the
maximum limit value of shear span ratio is specified equal to 3.0 may not be safe for designing of
rectangular RC columns with a larger shear span ratio.
3.4 Displacement and ductility factor

The variation of lateral displacement and ductility factor versus angle of loading directions is

plotted in Fig. 11.
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directions

It is evident form Table 3 and Fig. 11 (a) that the yield displacement (Ay) of control specimens

slightly increased with the increase of angle of loading directions. There was an increase of

approximately 3.42%, 3.66%, 12.03%, 25.94% when the angles

changed from 0° to 30°, 60°, 75°

and 90°, respectively. After being retrofitted with CFRP, the yield displacement of the columns also

generally increased when the loading direction angles were not larger than 60°. After that, the yield
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displacement started to decrease with the increase of loading direction angles, as shown in Fig.
11(a). For example, the yield displacement of the retrofitted columns was 8.73 mm, 10.25 mm and
9.14 mm for the directions of 0°, 60°, and 90°, respectively.

Table 3 and Fig. 11 (b) also show that both the control and retrofitted specimens exhibited
similar variation trend of peak displacement (A¢) versus lateral loading direction angles. The peak
displacement was slightly reduced when the lateral loading angle changed from 0° to 30°. After that,
the peak displacement increased with the increase of loading angle. The peak displacement reached
the maximum value at the angles of 60° and 75° for the retrofitted and control specimens,
respectively. Then, the value was reduced again with the loading angle.

It is evident from Table 3 and Fig. 11 (c) and (d) that the ultimate displacement (A,) and drift
ratio (o) were both significantly enhanced due to the use of additional CFRP wraps at the plastic
hinge region. However, the enhancement was generally reduced with an increase of loading
direction angles. The increment in A, and g, after being retrofitted with CFRP was approximately
160.06%, 140.95%, 67.79%, 59.80%, 20.14% for the loading direction angels of 0°, 30°, 60°, 75°,
and 90°, respectively. In addition, it can also be observed that the control specimens exhibited the
minimum A, for the 60°direction loading rather than loading in the weak axis direction (i.e. 90°).
The ultimate drift ratios for the loading directions of 0° to 60° were all smaller than the requirement
of the ultimate inter-story drift ratio (i.e. 2.0%) specified by the current Chinese Code for Seismic
Design of Buildings (GB5011-2010) [36], while the values just satisfied the requirement for the
loading directions of 75° and 90°, as shown in Fig. 11 (d). The minimum A, of CFRP-retrofitted
specimens appeared in the weak axis direction (i.e. 90°), but the column also exhibited less ultimate
deformation capacity in the 60° direction. The A, in the 90° direction was 35.55 mm, while the
value in the 60° direction was only slightly larger (i.e. 38.91 mm). However, the ¢, of
CFRP-retrofitted specimens was well above the 2% requirement despite of the loading directions.
The ¢, in the strong axis direction (i.e. 0°) increased to 5.07%, which is more than twice the 2%

requirement. Moreover, the ¢, in the weak directions of 60° and 90° were about 2.78% and 2.54%,

22



Submitted to Composite Structures
respectively, which were still 39% and 27% larger than the requirement, respectively.

Ductility factor (u) is defined as the ultimate displacement (A,) divided by the yield
displacement (Ay), which can directly reflect the plastic deformation capacity of structures and
members. It can be easily observed from Fig. 11 (e) and Table 3 that the ductility factor of the
retrofitted columns was also remarkably improved compared to the corresponding control columns
in all the loading directions, especially in the 0° and 30° directions. Moreover, the control
specimens exhibited similar plastic deformation capacity, but slightly worse in the 60° direction.
The plastic deformation capacity of retrofitted columns generally decreased with the increase of
loading direction angles, while the worst plastic deformation capacity also appeared in the 60° angle
of loading direction. For example, after being retrofitted with CFRP, the x« improved from 3.22 to
8.13 and 2.77 to 3.89 in the direction of 0° and 90°, respectively, while the value increased from
2.64 to 3.80 in the 60° direction. There was an.increment in the plastic deformation capacity of
approximately 152.48%, 43.94%, 40.43% in the directions of 0°, 60° and 90°, respectively.

It is evident from the preceding comparisons and discussions that both control and CFRP
retrofitted rectangular RC columns generally exhibited worst ultimate lateral deformation and
plastic deformation capacities in the 60° direction, even much worse than in the weak axis direction
(i.e. 90°). This is consistent with the previous observation that the loading angle of 60° was another
weak axis or even the weakest axis of un-retrofitted and retrofitted rectangular RC columns.

3.5 Stiffness degradation

The initial stiffness and effective stiffness were crucial parameters in the displacement-based
design method. The initial stiffness was usually determined based on the yield point of
load-displacement envelop curve. In the present study, the initial stiffness (Ky) and effective
stiffness (Ke) are defined as the secant stiffness at the theoretical yield point that is obtained by the
energy method and the secant stiffness at unloading point of each displacement level, respectively.
The initial stiffness of both control and retrofitted specimens is illustrated with respect to its loading

direction angles in Fig. 12.
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Fig. 13 Comparison of effective stiffness

It is evident that the initial stiffness of control specimens was reduced with the increase of
loading direction angles. The initial stiffness was reduced approximately 7.99% when loading
changed from the strong axis direction (i.e. 0°) to the 30° direction. After that, the initial stiffness
reduced approximately linearly. The initial stiffness was observed to decrease by 42.93% when the
loading direction finally changed to the weak axis direction (90°). A similar trend was observed for
CFRP retrofitted specimens. The initial stiffness of retrofitted specimens also remarkably decreased
approximately in an approximately linear trend when the loading direction angle increased from 0°
to 75°. However, the only difference is that the initial stiffness slightly increased when the loading
direction changed from 75° to 90°. There was a decrease in the initial stiffness of about 41.78%
when the angle of loading direction increased from 0° to 75°, while this value was about 34.86%
when loading direction increased from 75° to 90°. It is also evident from Fig. 12 that the initial
stiffness of control and retrofitted specimens only exhibited slightly difference for each direction,
suggesting that the FRP strengthening had only a small effect on the initial stiffness of the columns.
This is not difficult to understand as the columns were seismic retrofitted, and the CFRP wraps were
applied laterally in the potential plastic hinge regions only.

The comparison of effective stiffness versus lateral displacement in all loading directions is
shown in Fig. 13. It is evident that both the control and retrofitted specimens exhibited similar trend
of effective stiffness degradation despite the angles of loading direction. The effective stiffness was

reduced rapidly with an increase of lateral displacement in the initial stage, while the rate of
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degradation become much more gradual when the lateral displacement level increased to about 15
mm to 20 mm, which is approximately equal to the displacement of peak point as shown in Table 3.
However, the effective stiffness at the same displacement level generally decreased with the
increase of loading direction angle, especially in the initial stage. For control specimens as shown in
Fig. 13(a), the effective stiffness at each displacement level was obviously reduced in the positive
direction (i.e. push) when the loading angle increased from 0° to 30°, while the values at each level
were significantly reduced in both push and pull direction when the angle of loading direction
further increased to 60°. After that, the remarkable decrease of the effective stiffness with the
increase of loading angle was only observed in the initial stage. There was a decrease in the
effective stiffness at the first displacement level (i.e. 4 mm) by about 40% to 50% when the loading
direction changed from 0° to 90°. After the lateral displacement level reached about 15 mm to 20
mm, the effective stiffness at each displacement level was approximately the same for control
specimens load in large angle of 60° to 90°, indicating that the variation of loading directions has
very slight effect on the effective stiffness degradation at large lateral displacement and lateral
loading angle. For retrofitted specimens, similar observations can also be found from Fig. 13(b). In
the pull direction, the effective stiffness at each displacement level gradually decreased with the
increase of loading direction angle until 75°. In the push direction, the effective stiffness was
approximately the same at each similar displacement level when the loading direction changed from
0° to 30°, and from 60° to 90°. Remarkable decrease of effective stiffness at each level was only
observed when the loading angle increased from 30° to 60°. The maximum decrease of effective
stiffness at the displacement level (i.e. 4 mm) was about 35% to 40% when the loading direction
varied from strong axis to weak axis.

The effective stiffness degradation of control and retrofitted specimens in each loading
direction is illustrated in Fig. 14. It is evident that the effective stiffness degradation behavior of
control and retrofitted specimens is approximately the same at the initial stage in most loading

directions, except in the 60° direction. After the lateral displacement level reached about 20 mm,
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which is approximately the same as the peak displacement, the control specimens generally
exhibited a more serious degradation in the effective stiffness than the retrofitted specimens. This is
consistent with the previous observation that the control specimens exhibited much more rapid
post-peak strength degradation than that of the retrofitted specimens, as shown in Fig. 6. A
comparison between the control specimen L60-C and the retrofitted specimen L60-R shows that the
degradation of effective stiffness in the other weak direction (i.e. 60°) was obviously reduced under
the same displacement level, as shown in Fig. 14 (c). This is also consistent with the previous
observation that the column exhibited the maximum enhancement in the lateral load bearing
capacity, and the most pronounced reduction of post-peak strength degradation behavior in the 60°

direction after being retrofitted with CFRP.
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Fig. 14 Comparison of effective stiffness between control and retrofitted specimens
3.6 Energy dissipation

The energy dissipation capacity is one of the important indexes to evaluate the seismic
performance of RC members and structures. The hysteretic dissipated energy is defined as the area

enclosed by the lateral load-displacement hysteretic curves [40]. In the present study, the energy

26



dissipation of the first hysteretic loop at each displacement level was computed. Fig. 15 shows the

hysteretic energy dissipation of each single loop versus lateral drift ratio for all the specimens.
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Fig. 15 Energy dissipation of single hysteretic loop at each drift ratio level

It is obvious from Fig. 15 (a) that the energy dissipation capacity of control specimens was
improved as the loading direction rotated from 0° to 30°. After that, the energy dissipation gradually
decreased with the loading angle. Specimens L0-C and L60-C exhibited approximately the same
hysteretic energy dissipation capacity-at the same displacement levels. This result is different with
the previous observation that the lateral strength of the columns gradually decreased with the
increase of loading direction angle. The difference was due to the variation of hysteretic behavior
with the increase of loading direction angle. Fig. 16 (a) shows the comparison of hysteretic loops of
specimens LO-C, L30-C, and L60-C at the displacement level of 20 mm. It is evident that the lateral
strength was only slightly reduced when the loading direction rotated from 0° to 30°, but the whole
lateral load-displacement loop became much wider. Consequently, the total enclosed area within
load-displacement loop of specimen L30-C was slightly larger than that of specimen LO-C. For
specimen L60-C, the lateral strength was obviously reduced but the hysteretic loop became wider
and larger plastic deformation remained. In this case, the energy was dissipated by the forming of
larger plastic deformation, suggesting that premature failure of the columns occurred at small
displacement level. This is consistent with the previous observation that the ultimate displacement

of the column decreased by about 15% when the loading direction increased from 0° to 60°,
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although the energy dissipation was approximately the same at the same displacement level.
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Fig. 16 Comparison of single hysteretic loop at the same displacement level

For retrofitted specimens, the energy dissipation capacity was generally reduced with the
increase of loading direction angle, as shown in Fig. 15 (b). This is due to the reduction in the
lateral strength of retrofitted specimens with the increase of loading angle. The comparison of
hysteretic loops of retrofitted specimens that were loaded in different directions is shown in Fig. 16
(b). It is evident that the lateral strength decreased with the increase of loading direction angle, but
the width of the hysteretic loops was approximately the same and the plastic deformation was only

slightly increased.
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Fig. 17 Comparison of energy dissipation between control and retrofitted columns
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Fig. 17 shows the single loop energy dissipation versus lateral drift ratio for control and
retrofitted specimens in each loading direction. It was found that the retrofitted columns generally
had larger hysteretic energy dissipation capacity than the control specimens at the same
displacement levels in most loading directions. The comparison of single hysteretic loop between
control and corresponding retrofitted specimens at the same displacement level also confirmed that
the hysteretic loop of retrofitted specimen enclosed slightly larger area than that of corresponding

control specimen, as shown in Fig. 16 (c).

4. Conclusions

An experimental study was carried out on five un-retrofitted and five FRP-retrofitted
rectangular RC columns under combined constant axial compression and reverse lateral loading in
different directions. Based on interpretations and discussions of the test results, the following
conclusions can be drawn:

(1) The loading direction had significant effects on the seismic performance of both un-retrofitted
and retrofitted rectangular RC columns. The lateral drift, shear resistance and energy dissipation
capacities generally decreased with the increase of lateral loading direction angle. The failure of
un-retrofitted control columns generally varied from brittle shear failure mode to ductile
flexural failure mode when the lateral load direction varied from the strong axis direction (i.e.
0°) to the weak axis direction (i.e. 90°). All the retrofitted specimens exhibited ductile failure
mode despite the variation of lateral loading directions.

(2) The seismic performance of rectangular RC columns was obviously improved after being
retrofitted with CFRP, despite the variation in the loading direction. However, the efficiency of
the CFRP retrofitted strategy decreased with the increase of lateral loading direction angle.

(3) The shear strength of both un-retrofitted and FRP-retrofitted rectangular RC columns generally
agreed with the ellipse-interaction line. The lateral strength of both un-retrofitted and retrofitted

rectangular RC columns in nonprincipal directions can be reasonably predicted based on the
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lateral strength in the principal directions by the ellipse relationship.

(4) Both un-retrofitted and CFRP-retrofitted rectangular RC columns generally exhibited worst
ultimate lateral deformation and plastic deformation capacities when the lateral loading was in
the 60° direction; the performance was even much worse than that in the weak axis direction (i.e.
90°). The 60° direction was shown to be another weak axis or even the critical weakest axis for

both un-retrofitted and retrofitted rectangular RC columns.
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