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ABSTRACT

oNOTULLDSE W IN -

9  Elliptical FRP-tube confined reinforced concrete columns (EFCRCCs) are an emerging form of
10  columns particularly suitable for use where the required resistances differ substantially in the two
11  orthogonal lateral directions. This paper first presents a systematic experimental study on the eccentric
12 compressive behaviour of EFCRCCs, with the main test variables being the initial load eccentricity, the
13 sectional aspect ratio, the bending direction and the fibre orientations of the FRP tube. The test results
14  showed that EFCRCCs possessed excellent structural performance, including ample ductility under
15  eccentric compression; the effects of the key test variables on the eccentric compressive behaviour of
16  EFCRCCs were also clarified. A theoretical model developed for EFCRCCs, with the slenderness effect
17  taken into consideration, is then presented. The theoretical model is shown to provide reasonably
18 accurate and conservative predictions of the load-carrying capacity of EFCRCCs. Using this theoretical
19  model, the effects of stress-strain behaviour of the confined concrete in EFCRCCs on their eccentric
20  compressive behaviour are examined, which provides valuable information for the establishment of an
21  accurate stress-strain model for the concrete in eccentrically loaded EFCRCCs.
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1 INTRODUCTION

Elliptical fibre-reinforced polymer (FRP) tube-confined reinforced concrete columns (EFCRCCs) are
an emerging form of columns recently developed at The Hong Kong Polytechnic University (Liu et al.,
2023; Liu, 2023). An EFCRCC consists of an elliptical FRP outer tube and a concrete infill reinforced
with longitudinal steel bars, and can be considered as a variation of circular concrete-filled FRP tubes
(CFFTs) which have received increasing attention since the late 1990s (e.g., Saafi et al.,1999;
Ozbakkaloglu and Saatcioglu, 2006; Yu and Teng, 2011). Compared to circular CFFTs, EFCRCCs are
particularly suitable for use where the required resistances differ substantially in the two orthogonal
lateral directions. In EFCRCCs, the FRP tube serves as an anti-corrosion protective layer, a stay-in-
place formwork, and a confining device for the internal concrete; such an FRP tube typically has fibres
close to the hoop direction and can be easily fabricated via a filament-winding process.

The effectiveness of FRP confinement in an elliptical column has been demonstrated by several existing
studies (Teng and Lam, 2002; Teng et al., 2016; Chen et al., 2021) on wet lay-up FRP-wrapped concrete
columns, and more recently, by Liu et al. (2023) through a series of axial compression tests on filament-
wound FRP tube-confined concrete columns. The axial stress-strain behaviour of FRP-confined
concrete in elliptical columns has been investigated in these studies, yielding several design-oriented
stress-strain models (Teng et al., 2016; Cao et al., 2016; Chen et al., 2021; Liu et al., 2023; Liu, 2023),
among which a model proposed by the authors’ group has been adopted by the relevant Chinese national
standard GB50608 (GB 2020).

Furthermore, Chen et al. (2023) tested a few FRP-wrapped elliptical column specimens under cyclic
axial compression, and showed that cyclic loading had marginal effects on the FRP confinement. Zhang
etal. (2023) tested a number of EFCRCCs under combined constant axial compression and cyclic lateral
loading, and demonstrated the excellent ductility of the columns. In addition, a few recent studies
(Zhang et al. 2020; Chen et al. 2022) have been conducted on elliptical FRP-concrete-steel double-skin
tubular columns, which may be considered a variation of EFCRCCs.

No existing studies have been conducted on the eccentric compressive behaviour of EFCRCCs. In
reality, however, almost all columns are considered to be subjected to a certain load eccentricity due to
either design requirements or the presence of construction imperfections (Parvin and Wang, 2001). The
bending action due to the load eccentricity can significantly affect the structural behaviour of columns
and may be significantly amplified by the column slenderness effect (Claeson and Gylltoft, 1998;
Mirmiran et al., 2001; Xing et al., 2020). In most design codes/guidelines (e.g., BSI, 2004; ACI, 2019;
GB, 2020), a minimum load eccentricity is specified even for a column intended to resist a nominally
concentric load, and an additional load eccentricity or a moment magnification factor is usually adopted
to account for the slenderness effect. Therefore, a robust design procedure for EFCRCCs must consider
the effects of load eccentricity and column slenderness.

Many studies have been conducted on the eccentric compressive behaviour of FRP-confined concrete
columns with a circular, square or rectangular shape (e.g., Hadi, 2006; Bisby and Ranger, 2010; Csuka
and Kollar, 2011; Shaikh and Alishahi, 2019; Lin and Teng, 2017; Lin et al., 2020). These studies have
shown that the presence of a load eccentricity may affect: (1) the efficiency of FRP confinement; and
(2) the axial stress-strain behaviour of confined concrete. Several stress-strain models that can consider
the effects of load eccentricity have been proposed in some of these studies for FRP-confined concrete
in circular columns and some of them can provide reasonably accurate predictions (e.g., Lin and Teng,
2019). As expected, the effects of load eccentricity are related to the sectional shape of the column
(Jiang and Wu, 2020; Tijani et al., 2022). Therefore, the conclusions from, and the models developed
by, the existing studies on columns of circular and rectangular sections under eccentric compression are
not directly applicable to elliptical columns under eccentric compression. To the best of the authors’
knowledge, no studies have investigated the effects of load eccentricity on the structural behaviour of
EFCRCC:s. Against this background, this paper presents a combined experimental and theoretical study
with a focus on clarifying the effects of load eccentricity on EFCRCCs.
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2 EXPERIMENTAL PROGRAMME
2.1 Specimen Details

Actotal of 18 EFCRCC specimens were prepared and tested. Details of all the specimens are summarised
in Table 1. The test variables included: (1) the aspect ratio of the cross-section a/b (a is half of the length
of the major axis; b is half of the length of the minor axis); (2) the orientations of fibres in the FRP tube;
(3) the bending direction; and (4) the initial load eccentricity (e;). All the specimens were 900 mm in
height and had the same nominal major-axis length (2a) of 300 mm, while they had a nominal minor-
axis length (2b) of either 200 mm or 150 mm, leading to an aspect ratio of 1.5 or 2.0.

The specimens were each internally reinforced with eight longitudinal steel rebars. No internal lateral
steel reinforcement (e.g., steel stirrups) was used so that the confinement to the concrete was only from
the FRP tube (Figure 1). The diameters of steel rebars in the specimens with aspect ratios of 1.5 and 2.0
were 18 mm and 16 mm, respectively, leading to a similar reinforcement ratio (i.e., 4.32% and 4.55%,
respectively, for the two section configurations) for ease of comparison. The specimens were classified
into three groups (i.e., Group A, B, and C) (Table 1), with the differences between different groups
being the aspect ratio of the section and/or the fibre orientations of FRP tube: Group A specimens had
an aspect ratio of 1.5 and fibre orientations of +80° to the longitudinal axis; Group B specimens had an
aspect ratio of 2.0 and fibre orientations of =£80°; Group C specimens had an aspect ratio of 1.5 and
fibre orientations of +60°. The six specimens in each group were nominally identical, and their tests
covered three initial load eccentricities (i.e., 25 mm, 50 mm and 120 mm) for bending in the major axis
direction (hereafter referred to as major-axis bending), two initial load eccentricities (i.e., 25 mm and
50 mm) for bending in the minor axis direction (hereafter referred to as minor-axis bending), and a
concentric compression test for comparison.

Each specimen is given a name, which includes a letter “E” plus a two-digit number denoting the aspect
ratio of the cross-section, a letter “F” plus a two-digit number denoting the fibre orientations, a letter
“S” (denoting the strong direction of bending, also referred to as major-axis bending) or “W” (denoting
the weak direction of bending, also referred to as major-axis bending), and a final two- or a three-digit
number denoting the initial load eccentricity. For instance, E15F60-W25 denotes a specimen that had a
sectional aspect ratio of 1.5, an FRP tube with fibre orientations of £60° and was loaded eccentrically
with an initial load eccentricity of 25 mm on the minor axis.

2.2 Material Properties

2.2.1 Concrete

All the specimens were cast using the same batch of commercial concrete, the mix proportions of which
are given in Table 2. Testing of the specimens began on the 28" day after casting and lasted for another
28 days. The specimens of Group A were tested within the first 14 days; the remaining specimens were
tested within the second 14 days. The concrete properties were obtained on both the 28™ and the 42
days after casting to capture variations induced by time. On each of these two concrete property test
days, three standard concrete cylinders were tested to determine the compressive strength (f”.,) and the
corresponding axial strain at peak stress (&,) in accordance with ASTM (2016a), and the compressive
elastic modulus (£;) and the Poisson’s ratio (v) in accordance with ASTM (2014). The obtained concrete
properties are detailed in Table 3. It can be seen that the concrete compressive strength increased slightly
with time, while the other properties did not exhibit much variation.

2.2.2 FRP

The FRP tubes were made of glass fibres (i.e., GFRP tubes) via a filament-winding process. The GFRP
tubes with fibre orientations of =80° were produced using the hoop winding method, while those with
fibre orientations of +£60° were made using the helical winding method (Rejab et al., 2008). All the
GFRP tubes had six layers of fibres (see Table 1). The thickness of each GFRP tube, which was averaged
from measurements at several locations using a Vernier calliper, are listed in Table 1. It was observed
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that the thickness of FRP tubes with fibre orientations of £60° was generally greater than that of the
tubes with fibre orientations of £80°, due mainly to the difference in the amount of matrix resin as a
result of the different winding methods. The nominal layer thicknesses are 0.50 mm for the 60° fibre
layer and 0.35 mm for the 80° fibre layer. Curved coupon tests [in accordance with Teng et al. (2023)]
were conducted to determine the elastic modulus of the GFRP tubes in the hoop direction, while
compression tests on FRP rings [in accordance with GB/T 5350 (GB/T 2005)] were conducted to
determine the properties of the GFRP tubes in the axial direction. The test results are given in Table 4,
where Errps represents the hoop elastic modulus; Errp. represents the axial elastic modulus; trrps and
trreq are the average thickness of test specimens in the two types of tests, respectively. Readers may
refer to Liu et al. (2023) for more details of these FRP tube material property tests.

2.2.3 Steel

The properties of steel rebars were determined by the tensile tests in accordance with ASTM (2016b).
The yield strain (g,), yield stress (f;), tensile strength (f.), elastic modulus (£;), and their average values
are detailed in Table 5.

2.3 Preparation of Column Specimens

The preparation of column specimens involved the following steps: (1) welding the longitudinal steel
rebars to a bottom steel plate of 40 mm in thickness through predrilled holes (Figure 2a); (2) placing
the FRP tube at a pre-defined position and toping it with a top steel plate of 20 mm in thickness having
predrilled holes and a rectangular opening (Figure 2b); (3) welding the steel rebars to the top plate
through the predrilled holes (Figure 2c); (4) fixing the FRP tube with the short positioning steel bars
welded on the two steel plates, and sealing the joints between the FRP tube and the two steel plates
(Figure 2d); (5) casting concrete through the rectangular opening on the top plate (Figure 2¢); (6)
strengthening each of the column ends with a three-layer carbon FRP (CFRP) strip of 35 mm in strip
width. It should be noted that the above preparation process aimed at ensuring a direct transfer of tensile
forces between the top or the bottom plate and the steel rebars during loading. This is essential in such
column tests as the steel rebars serve as the main longitudinal reinforcement. The longitudinal
connection between the FRP tube and the steel plates to transfer stresses was not necessary as their main
function was to confine the concrete, but some tensile forces were still transferred to the FRP tube from
the concrete core through the interfacial friction between the two. Nevertheless, the tensile stress
transfer to the FRP tube is not important phenomenon in these column tests due to the small cross-
sectional area and axial stiffness of the FRP tube.

2.4 Test Setup and Instrumentation

Linear Variable Differential Transformers (LVDTs) and strain gauges were used to monitor the
deformation of each column specimen. The layouts of LVDTs and strain gauges are illustrated in Figures
3 and 4, respectively. For column specimens subjected to concentric loading, four LVDTs were used for
measuring the axial deformation of the 240 mm mid-height region (LVDTs 1-4) and another two were
used for measuring the full-height axial shortening (LVDTs 5 & 6). For column specimens subjected to
eccentric loading, two more LVDTs (LVDTs 7 & 8) were used to measure the rotations at specimen
ends, and another two LVDTs (LVDTs 9 & 10) were used to monitor the lateral displacements at the
mid-height of the specimen (see Figure 3). Eight axial strain gauges and 16 hoop strain gauges with a
gauge length of 20 mm were installed over the circumference at or close to the mid-height of the
specimen (Level 1). Four axial strain gauges with a gauge length of 20 mm were installed at the four
vertices of two other heights (i.e., 300 mm above and below the mid-height of the specimen, respectively,
referred to as Level 2 hereafter) (see Figure 4a). In addition, two axial strain gauges with a gauge length
of 5 mm were installed on each steel rebar at the mid-height section (i.e., Level 1) (see Figure 4b).
Before testing, an additional 20 mm-thick steel plate was bolted to the top steel plate with four threaded
fasteners at the corners to replicate the boundary condition of the column footing (see Figure 3a).
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The eccentrically loaded column specimens were compressed through two hinges at the two ends,
respectively (Figure 3b). Same as those under concentric compression, an additional 20-mm thick steel
plate was bolted to the top steel plate with four threaded fasteners at the corners to replicate the boundary
condition of the column footings (see Figure 3b). When testing the column specimens under concentric
compression, the hinges were removed and replaced by high-strength plaster for levelling. All the
column specimens were tested using a compression testing machine with a nominal load capacity of
8000 kN. The column specimens were monotonically loaded with displacement control at a constant
rate of 0.36 mm/min.

3 TEST OBSERVATIONS, RESULTS AND DISCUSSIONS

3.1 Test Observations and Failure Modes

3.1.1 Concentrically loaded specimens

Figure 5 shows the specimens under concentric loading (i.e., E15F80-S00; E20F80-S00; and E15F60-
S00) after testing. These specimens all failed by the rupture of FRP tube accompanied by an explosive
noise and a severe load drop. As the FRP tube ruptured, the inner concrete collapsed, and the steel rebars
buckled due to the sudden loss of lateral support from concrete. The explosive noise of Specimen
E20F80-S00 and E15F60-S00 was found to be milder compared to that of E15F80-S00 due to the
relatively high level of confinement of the latter. Besides, the FRP rupture in Specimen E20F80-S00
was concentrated at one of the major-axis vertices. In contrast, the FRP rupture in Specimen E20F80-
SO0 initiated near the top end rather than in the middle region. This discrepancy may be attributed to
local defects in the FRP tube, which could have resulted in a lower rupture strain at that specific location.

3.1.2 Eccentrically loaded specimens

The failure modes of the eccentrically loaded specimens are shown in Figure 6. It can be seen that the
fibre orientations of the GFRP tube significantly affected the failure mode of the specimen. The
specimens with fibre orientations of £80° (Group A & Group B) eventually failed by the rupture of
GFRP tube at or near the mid-height section on the compression side. It was observed during testing
that tensile cracks parallel to the fibre orientations initiated on the tension side of the FRP tube during
the early loading stage; the cracks then gradually extended towards the compression side as the loading
continued. However, these tensile cracks did not appear to affect the load carried by the specimen, as
no load fluctuation was observed until failure. In addition, for the specimens under minor-axis bending,
some wrinkles on the compression side of the FRP tube were observed before failure due to large
bending deformation. As expected, the lateral deflection of the specimen as well as the density and size
of the tensile cracks on the tension side of the FRP tube, when the FRP tube reached hoop tensile rupture
on the compression side, increase with the initial load eccentricity e; (Figures 6a-c).

For the specimens with fibre orientations of £60° (Group C), no apparent cracks on the tension side of
the FRP tube were observed during testing, indicating that the damage of resin in the FRP tube was well
controlled by the fibres. With the increase of loading, the colour of the FRP tube on the compression
side gradually turned white, suggesting that the damage of FRP was accumulating. The column
specimens under major-axis bending eventually failed by the rupture of GFRP tube on the compression
side due to the expansion of concrete, which was followed by the rapid development of cracks towards
the tension side along the direction of fibres (see Figures 6a & 6b). By contrast, the specimens under
minor-axis bending eventually failed by the abrupt rupture of fibres on the tension side due to
longitudinal tension (see Figures 6d & 6e), which was associated with a sudden load drop. It should be
noted that specimen E15F60-S120 failed prematurely during the early testing stage due to the fracture
of welds between the steel rebars and the upper steel plate (see Figure 6¢); this specimen is thus not
further discussed hereafter.
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3.2 Test Results and Discussions

3.2.1 Key results

Table 6 provides the key column test results of the experimental programme. In Table 6, Fju.x is the peak
axial load carried by the specimen; Mpmax and Apma: are the total bending moment and the lateral
displacement corresponding to Fi... at the mid-height section of the specimen, respectively; F, and 4,
are the axial load carried by the specimen and the lateral displacement at the mid-height section at the
ultimate state, respectively. The ultimate state is defined as the state when the fibres in the FRP tube
ruptured on the compression side or the tension side associated with a sudden load drop; &.. represents
the axial strain of the extreme compression fibre (ECF) (i.e., the point farthest from the neutral axis on
the compression side) at the mid-height of an eccentrically loaded specimen or the average axial strain
at the mid-height of a concentrically loaded specimen at the ultimate state [For concentrically loaded
specimens, &, refers to the average axial strain measured by the LVDTs (i.e., LVDTs 1-4, see Figure 3)
at the mid-height region at the ultimate state; for eccentrically loaded specimens, e, refers to the
ultimate axial strain of ECF measured by LVDT 1 and LVDT 4 for specimens under major- and minor-
axis bending, respectively]; €m,max 1S the maximum hoop strain measured by the hoop strain gauges at
the mid-height section of a specimen at the ultimate state; M; and M, are the primary moment and the
second-order moment, which are equal to the axial load (F) multiplied by the initial load eccentricity
(ei) and the lateral displacement at the mid-height section (4), respectively, as expressed in the equation
below for the total bending moment (M):

M =M +M,=Fx(g+A) (1

It should also be noted that the &p,ma values in Table 6 do not always represent the actual maximum
hoop strain of the mid-height section as some strain gauges had already malfunctioned before the
ultimate state. The non-functional hoop strain gauges at the ultimate state of each specimen are also
listed in Table 6.

3.2.2 Effects of load eccentricity

Figures 7 and 8 show the load-displacement curves of specimens under major-axis bending and minor-
axis bending, respectively. The curves of the nominally identical specimens in each group (i.e., Group
A, B or C) are shown in the same subfigure to illustrate the effect of initial load eccentricity (e;), and
these curves all terminate at the ultimate state (i.e., FRP rupture). In these figures, the axial displacement
represents the full-height axial shortening of the specimen taken as the average reading of LVDTs 5 and
6 (see Figure 3); the lateral displacement represents that at the mid-height of the specimen as averaged
from the readings of LVDTs 9 and 10 (see Figure 3).

Major-axis bending versus minor-axis bending

Figure 7 shows that the curves of specimens under major-axis bending generally consist of two branches:
(1) an initial approximately linear branch; and (2) a second branch which is generally ascending but
with a decreasing slope. It is evident from the ascending second branch that the FRP confinement is still
effective for EFCRCCs under eccentric loading, while its decreasing slope is at least partially due to
the increasing lateral deflection and the resultant second-order bending moment. As expected, the load
capacity and the stiffness (indicated by the slope of the axial load-displacement curve) of the specimens
generally decrease with e;. The deformation capacity of the specimens, as indicated by the axial and
lateral displacements at the ultimate state, however, generally increases with e; except for Specimen
E20F80-S50, which failed at an unusually low hoop rupture strain (see Table 6). The above observation
is generally consistent with that reported in previous studies on FRP-confined concrete circular columns
(Hadi, 2007a; Bisby and Ranger, 2010; Csuka and Kollar, 2011; Song et al., 2013; Lin and Teng, 2019;
Xing et al., 2020).

By contrast, Figure 8 shows that the curves of the specimens under minor-axis bending generally feature
a descending branch before the ultimate state. The slope of the initial branch of the curves and the load
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capacity of these specimens still decrease with e;, while the slope of the descending branch of the curves
does not seem to be evidently related to e;. The latter observation is due to the relatively large lateral
deflection during the later stage of loading, which makes the second-order bending moment dominant
during this stage (Xing et al., 2020; Khorramian and Sadeghian, 2021). It is also evident that the load-
carrying capacity of a specimen under minor-axis bending is much lower than that of its counterpart
under major-axis bending with the same load eccentricity (see Table 6 and Figures 7 and 8).

The evident differences in behaviour between the specimens under minor- and those under major-axis
loadings are mainly due to the smaller bending stiffness of the former, which makes the second-order
effect more pronounced in the former. The second-order effect on a column is commonly considered in
design using the so-called slenderness ratio, which is calculated as k//r, where £ is the effective length
factor (e.g., equal to 0.5 for columns with fixed ends and 1.0 for columns with pinned ends), / is the
column length, and 7 is the radius of gyration whose value depends on the direction of buckling
deformation that is being considered (ACI, 2019; GB 50608, 2020). For elliptical columns, the » value
can be calculated as a/2 for bending in the major axis direction and as /2 for bending in the minor axis
direction (Ram, 2012). Details of the calculation are given in the Appendix. The slenderness ratios (kl/r)
of all the test specimens are given in Table 1, where the differences in the slenderness ratio value
between the specimens under minor- and major-axis bending are evident.

The differences in behaviour between the two types of specimens (i.e., under minor- and major-axis
bending, respectively) are also believed to be partially due to the non-uniform confinement to the
concrete in EFCRCC:s. For the specimens under minor-axis bending, the concrete near one of the minor-
axis vertexes is the most severely compressed but also the most weakly confined by the FRP tube in
EFCRCCs due to the large radius of curvature of the FRP tube in that region (Teng et al., 2016). By
contrast, the most-compressed concrete in the specimens under major-axis bending is close to one of
the major-axis vertices, which is also the most effectively confined region in the section (Teng et al.,
2016).

Ultimate axial strain

The ultimate axial strain (e.,) of each specimen is given in Table 6. It is evident from the results in Table
6 that, for the specimens failing by FRP rupture on the compression side, the so-obtained axial strain at
the point of FRP rupture generally increases with e;, except for Specimen E20F80-S50, which failed at
an unusually small hoop strain as explained earlier, and Specimen E15F80-W50. This observation is
consistent with those from previous studies on FRP-confined concrete columns of other shapes (i.e.,
circular and rectangular columns) (Hadi, 2006; Hadi, 2007a, 2007b; Bisby and Ranger, 2010; Csuka
and Kollar, 2011; Hadi and Widiarsa, 2012; Lin et al., 2020; Jiang and Wu, 2020; Xing et al., 2020;
Tijani et al., 2022) and is believed to be due to the existence of a strain gradient which leads to reduced
lateral expansion of concrete on the compression side for the same axial strain. By contrast, for the two
specimens failing by FRP rupture on the tension side (i.e., Specimens E15F60-W25 and E15F60-W50),
the ultimate axial strain does not seem to be significantly affected by e;. This is not a surprise as FRP
rupture in these columns was not induced by the lateral expansion of concrete.

3.2.3 Effects of aspect ratio and fibre orientations

Figure 9 illustrates the effects of aspect ratio (a/b) and fibre orientations of the FRP tube on the load-
displacement behaviour of EFCRCCs. The curves of the specimens tested under the same e; are shown
in the same subfigure for comparison.

It is not a surprise to see that the curves of specimens of Group B with an aspect ratio of 2.0 are evidently
lower than their counterparts in Group A with an aspect ratio of 1.5 due to the smaller cross-section area
of the former. In addition, the second-branch slope of the curves of Group B specimens is generally
smaller than that of the corresponding specimens in Group A, suggesting that the confinement effect of
the FRP tube is more pronounced in the latter. By contrast, the ultimate axial displacement of Group B
specimens under eccentric compression is generally larger than their Group A counterparts. The axial
displacement was averaged from LVDTs 5 and 6, representing the shortening of the column between
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the two loading points. The relatively large ultimate axial displacement of Group B specimens is
believed to be at least partially due to their relatively small column bending stiffness.

The only difference between Group A and Group C specimens is the fibre orientations of the FRP tube.
Figure 9 shows that the fibre orientations mainly affect the second branch of the load-displacement
curves: both its slope and peak point (i.e., load capacity) increase with the fibre angles due to the
enhanced confinement effect of the FRP tube. As the fibre angle increases, the longitudinal stiftness of
FRP tube decreases while the confinement effect increases; Figure 9 shows that the confinement effect
is more beneficial on the eccentric compressive behaviour of EFCRCCs.

It is also evident from Figure 9 that the effect of fibre orientations on the ultimate axial displacement of
EFCRCCs depends on e;. Under concentric loading (i.e., e; = 0), the ultimate displacement of the
specimen with fibre angles of +60° is much smaller than that of the corresponding specimen with the
fibre angles of +80° (see Figure 9a). This observation is consistent with those made by Liu et al. (2023)
and in other experimental studies on FRP-confined circular concrete columns (e.g., Vincent and
Ozbakkaloglu, 2013; Hain et al., 2019). By contrast, when ¢; is not zero (i.e., eccentric loading), the
ultimate axial displacement of the specimens confined by an FRP tube with fibre orientations of +60°
is generally larger than that of their counterparts with fibre orientations of +80° (e.g., Figure 9b).

To further examine the effects of aspect ratio and fibre orientations on the peak load of EFCRCCs under
eccentric compression, the normalised peak load (Fina/Fmaxc) Was plotted against the nominalised initial
load eccentricity (e/D) in Figure 10; here, the peak load F)... is normalised by the peak load Fiuux.c of
the corresponding concentrically loaded specimen while the initial load eccentricity e; is normalised by
the length of the axis (D) on which e; is located. It is evident from Figure 10 that the peak load decreases
with e; for all three groups. Furthermore, the decrease appears to be most pronounced for Group A, in
which the confinement provided by the FRP tube was the strongest. Similar observations have also been
reported in previous studies on FRP-confined circular reinforced concrete (RC) columns [e.g., Bisby
and Ranger (2010); Hadi (2007b)].

Figure 11 illustrates the effects of aspect ratio and fibre orientations on the ultimate compressive strain
of EFCRCCs under eccentric compression. In Figure 11, the ultimate axial strain obtained by the LVDT
installed at the ECF of the eccentrically loaded specimens is shown against the normalised load
eccentricity (e/D). For ease of comparison, these axial strains are normalised by the average ultimate
axial strain measured by the LVDTs at the mid-height of the corresponding concentrically loaded
specimen. It is evident that the ultimate axial strain generally increases with the load eccentricity, and
such increases appear to be more pronounced for specimens with a larger aspect ratio (Group B) or a
smaller angle of fibres (Group C).

3.2.4 Axial strain distribution over the mid-height section

Figure 12 shows the typical axial strain distributions over the mid-height section, using Specimen
E15F80-S25 (Group A) as an example. The axial strain distributions of other specimens are generally
similar (see Figure A3 in the Appendix). In Figure 12, the solid and hollow symbols represent the
readings of strain gauges installed on the FRP tube and the steel rebars, respectively; the AS value is
the full-height axial shortening measured by LVDTs 5 & 6 (see Figure 3). It can be seen from Figure 12
that except for some scatter of strain gauge readings during the late stage of loading, the axial strain
distribution along the direction of eccentricity is generally linear during the whole loading process,
suggesting that the plane section assumption is valid. The scatter of strain gauge readings during the
late loading stage is due to localised damage of the concrete and/or FRP tube as discussed earlier.

4 THEORETICAL ANALYSES
4.1 Sectional Analyses

For short FRP-confined RC columns subjected to eccentric compression, the load capacity can be
evaluated by constructing the axial load—bending moment (N-M) interaction diagram using the
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traditional sectional analysis approach based on the plane section assumption (Rocca et al. 2009;
Carrazedo and de Hanai, 2017). The key to the success of such sectional analysis is the use of an
accurate uniaxial stress-strain curve for the confined concrete. In this study, a sectional analysis of
EFCRCCs was conducted, making use of the model proposed by Liu et al. (2023) for the compressive
behaviour of the confined concrete (hereafter referred to as Model I). It should be noted that two stress-
strain models [i.e., Model I and the model adopted by GB50608 (GB 2020)] have been developed by
the authors’ group, among which Model I provides more accurate predictions in terms of the second
slope and the whole stress-strain curve and is thus used here; the model in GB50608 (GB 2020) was
formulated with the accurate prediction of the section strength as the top priority rather than the stress-
strain path, and is thus more suitable for strength design based on the ultimate state. Furthermore, Model
I has been found to provide reasonably accurate predictions of the test results of the concentrically
loaded specimens (i.e., Specimen E15F80-S00; E20F80-S00; E15F60-S00) presented in this study. The
results are given in the Appendix (see Figure A1) without further discussion as a comprehensive study
on the performance of this model as well as other available models has been given in the previous study
of the authors (Liu et al., 2023). In this sectional analysis, the unconfined strength was taken as 0.85
times the strength obtained from the standard cylinder (150 mm x 300 mm) tests to account for the size
effect (e.g., Popovics 1998). The tensile strength of concrete is ignored. The steel rebars are treated as
an elastic-perfect plastic material, and their stress-strain curve can be determined using the material
properties listed in Table 5. The direct contribution of FRP tubes in the axial direction is ignored due to
its small cross-section area and small axial stiffness.

Figure 13 shows the N-M interaction diagram predicted by the sectional analysis. The experimental
axial load-bending moment loading paths of the test specimens were also plotted in the same figure for
comparison, in which the bending moment represents the total moment of the mid-height section
including that induced by the lateral displacement (i.e., second-order moment); the experimental
loading paths are terminated at the ultimate state (i.e., FRP rupture). Furthermore, the predicted peak
load of each test specimen, which is taken as the load at the interception point between the load path
determined by the initial load eccentricity (represented by a straight grey line) and the predicted N-M
interaction diagram, is given in Table 7.

It is evident from Figure 13 that: (1) the experimental loading path deviates significantly from the
original loading path (grey line), even for the specimens under major-axis bending which have a
relatively small slenderness ratio; and (2) the experimental loading paths terminate at points outside the
boundary defined by the predicted N-M interaction diagram. The first observation above suggests that
the slenderness effect, which generally leads to a decrease in load capacity, cannot be ignored for all the
test specimens. The second observation is largely due to the fact that the ultimate axial strain of an
eccentrically loaded specimen can be much larger than that of a corresponding concentrically loading
specimen (see Table 6), noting that Model I, which is used in the section analysis, was developed based
on concentric compression test results [i.e., a concentric-loading stress-strain model]. For the specimens
under major-axis bending (Figures 13a, c, e), the load path outside the predicted N-M boundary is
generally ascending with an increasing axial load, so the combined effect of the above two observations
leads to a predicted peak load close to the experimental peak load (i.e., with differences within 12%,
see Table 7). By contrast, for the specimens under minor-axis bending (Figures 13b, d, f), the load path
outside the predicted N-M boundary is generally descending with a decreasing axial load, so the
predicted load is generally smaller than the experimental peak load (by up to 27%, see Table 7) due to
the slenderness effect. The different load paths of the specimens under major- and minor-axis bending
are due to difference in both bending stiffness and degree of confinement non-uniformity, as explained
in Section 3.2.2.

Apparently, to improve the accuracy of predictions for EFCRCCs under eccentric compression, the
following two issues need to be addressed: (1) the slenderness effect; (2) the effect of strain gradient on
the stress-strain behaviour of the confined concrete. In the next section, a theoretical model for
EFCRCCs which takes into account the slenderness effect is presented, and various stress-strain models
are considered to examine their effect on the prediction.
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4.2 Theoretical Model Considering the Slenderness Effect

4.2.1 Method of analysis

A theoretical model was developed for EFCRCCs following the approach adopted by Jiang and Teng
(2012) for slender FRP-confined circular RC columns. Jiang and Teng’s (2012) model can generate
accurate predictions for the axial load-lateral deflection response of columns, and their approach has
been used in a number of subsequent studies (e.g., Hales et al., 2017; Saini and Prakash, 2021; Lin et
al. 2020) on slender FRP-confined RC columns with different configurations.

Figure 14 illustrates the method of analysis for a column under equal load eccentricities at both ends
(e.g., the specimens tested in this study). The column is equally divided into a desired number of
segments with a length of AL. For a given cross-section of the column, a unique moment-curvature
curve exists for a particular axial load N, so the axial load-moment-curvature (N-M-x) relationship can
be built through a series of conventional sectional analyses at various axial load levels. The lateral
deflection at each grid point at a given load level can then be obtained in an iterative manner by using
the (N-M-x) relationship of the cross-section and the well-known numerical integration method of the
column (Newmark 1943) as briefly summarised below.

By adopting the central difference equation, the relationship between the lateral deflection and the
curvature can be expressed as:

Ay =280 F Ay _ 5
2 =K (2)
(AL)

where 4 and «; are the lateral deflection and the curvature at the ith grid point, respectively; i is the
index of the grid pointand i =1, 2, 3, ..., G; G — 1 is the number of equal segments that the column is
divided into (see Figure 14). Eq. 2 can be rewritten as:

2
Ay =28 = Ay — K (AL) 3)

()
An initial value for 4(») needs to be first assumed to initiate the analysis; the assumed value can be any
reasonably small value. Once the calculation reaches the other end of the column (point G), its lateral
deflection needs to be examined to see whether it equals zero. If not, the value of 4 needs to be
adjusted until the lateral deflection at point G equals zero (or is sufficiently close to zero). It should be
noted that when calculating the bending moment at any grid point, the secondary bending moment (i.e.,
N x Ap) is taken into consideration. Readers may refer to Jiang and Teng (2012) for more details about
the numerical integration process.

In the analysis, the stress-strain behaviour of the materials in EFCRCC:s is considered in the same way
as described in Section 4.1 for section analysis, except for the compressive stress-strain behaviour of
the confined concrete, for which a few different stress-strain models are considered as discussed in the
next subsection.

4.2.2 Results and discussions

Results using Liu et al.’s (2023) model (Model I) for confined concrete

The predictions of the theoretical analysis using Model I for the confined concrete are compared with
the test results in Figures 15 and 16 in terms of the axial load-bending moment (N-M) curve and the
axial load-lateral displacement curve, respectively. The predicted curves cease at the point where the
axial strain at ECF reaches the ultimate value predicted by Model I. It is evident from Figure 15 that
the theoretical model can accurately predict part of the trajectory of an N-M path including the
slenderness effect but cannot reproduce the whole path to the experimental failure point. This is not a
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surprise as the ultimate axial strain predicted by Model I is for concentrically loaded columns and is
thus significantly smaller than that for columns under eccentric compression. Nevertheless, it can be
seen that the peak load of all the test specimens can be accurately predicted, as further illustrated in
Figure 17. The peak load represents the load-carrying capacity of a column and is an important property
for the design of EFCRCCs.

The observation from the Figure 16 is similar to that from Figure 15: the theoretical model can closely
predict part of the axial load-lateral deflection curve, but the predicted curve generally terminates at a
much smaller lateral deflection than the experimental curve. The predicted peak load and the
corresponding bending moment, as well as the lateral deflection at the mid-height section of specimen,
are listed in Table 8.

It is interesting to note that the errors in the prediction appear to be related to the bending direction of
the specimen (see Table 8). Figure 18 shows the percentage error of the predicted peak load [i.e.,
(predicted value — experimental value) / experimental value]. It can be seen that the predicted peak load
for a specimen under minor-axis bending is generally closer to the experimental value compared to that
for a specimen under major-axis bending. For the latter, the prediction appears to be generally lower
than the corresponding experimental value. This observation is believed to be largely due to the different
characteristics of the curves of the two types of specimens (see Figure 16): those under major-axis
bending have a curve that includes a generally ascending second branch while the corresponding curve
for those under minor-axis bending includes a descending second branch. As Model I underestimates
the ultimate axial strain of an eccentrically loaded column, the use of this model in the theoretical
analysis leads to a predicted curve that is shorter than, and terminates at a point on the second branch
of, the experimental curve. Furthermore, the non-uniform confinement over the cross-section (i.e.,
stronger near the major-axis vertices while weaker near the minor-axis vertices) to the concrete, as
discussed in Section 3.2.2, might also contribute to the above differences in the predictions.

Figure 19 shows the percentage errors of predicted lateral displacements at the ultimate state 4,. It is
evident that the prediction error of 4, increases with the normalised load eccentricity except for E20F80-
S50 (Group B) which failed at an unusually low hoop rupture strain. The prediction error of 4, is again
primarily due to the strain gradient effect which is not considered in Model 1. As a result, similar to the
ultimate axial strain, the percentage error of 4, is highly related to the sectional aspect ratio (a/b) and
fibre orientations (Figure 19).

Consideration of the strain gradient effect

Lin and Teng (2019) proposed an eccentricity-dependent (EccD) stress-strain model for FRP-confined
concrete in circular columns to account for the effect of strain gradient in eccentrically-loaded columns.
The EccD stress-strain Model was developed based on the stiffness-based concentric-loading stress-
strain model proposed by Lin et al. (2016), which is also the basis of Model 1. Lin and Teng (2019)
suggested that both £ and &, are affected by the presence of strain gradient, and they proposed the
following two formulas, respectively, to consider its effects:

E
EZ ecc EZ con [1_00808 2o EJ, 2 S124 (4)
' ‘ | 2,con c c
2
Eeuece = Ceucon l:1+ 02632 + 00227(2J ] (5)
' ' c c

where E> .. is the slope of the second branch considering the strain gradient effect; £ con is the slope of
the second branch of the concentric-loading stress-strain model (i.e., £> in Model 1); ey ccc 1s the ultimate
axial strain considering the strain gradient effect; .o 1S the ultimate axial strain of the concentric-
loading stress-strain model (i.e., &, in Model I); ¢ is the height of neutral axis, which is determined from
the ECF of the cross-section; D is the diameter of circular columns in Lin and Teng’s (2019) model but
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is taken as the length of the axis on which the eccentricity e; is located in the present study. According
to Egs. 4 and 5, with an increase in the height of the neutral axis, the slope of the second branch
decreases while the ultimate axial strain increases.

By replacing E> and e, with E ... and &ce.c in Model 1, an EccD stress-strain model for the confined
concrete in EFCRCCs can be obtained (hereafter referred to as Model [A). The predicted axial load-
lateral displacement curves using Model 1A are compared with the test results in Figure 20, while the
key predicted results are summarised in Table 9. It can be seen that the predicted curves are longer than
the corresponding curves predicted with the original Model I (Figure 16), but the predicted ultimate
lateral displacements are still much smaller than the experimental values. This observation suggests that
the formulae for the strain gradient effects on FRP-confined concrete in circular columns are not
applicable to EFCRCCs. The underestimation of ultimate lateral displacement is again primarily due to
the inaccurate prediction of ultimate axial strain of the confined concrete, as shown in Table 9. It can
be seen in Table 9 that the predicted ultimate axial strains are closer to the test results for the specimens
in Group A than for those in Groups B and C, suggesting that the strain gradient effect on the stress-
strain behaviour of FRP-confined concrete may be related to the cross-section shape and fibre
orientations. Despite the longer predicted curves (Figure 20), the use of the revised model does not seem
to have a significant effect on the predicted peak loads (see Table 9 and Figure 20).

Further discussions

To further illustrate the effect of stress-strain model for the confined concrete on the predictions, the
following two modification options were explored to Model I (Figure 21): (1) keeping E> from Model
I and extending the second branch of the predicted stress-strain curve to the experimental e., (hereafter
referred to as Model IB); (2) keeping f .. from Model I and adopting the experimental e, (i.e., E> is
reduced accordingly) (hereafter referred to as Model IC). The predictions of the theoretical analysis
with these two adjusted stress-strain models are compared with the test results in Figures 22-24. In
making the predictions, the e, value obtained by the LVDT at the ECF was used.

It is evident from Figures 22-24 that the predicted curves are now much longer, with ultimate lateral
displacements being much closer to the experimental values, compared to the comparisons shown in
Figures 16 and 20. The remaining differences between the predicted and experimental ultimate lateral
displacements are believed to be due largely to the wide discrete cracks on the specimens during the
late loading stage, which cannot be considered in the continuum mechanics-based theoretical analysis.
It is also evident that the use of Model IB (i.e., keeping £, from Model I) generally leads to closer
predictions than the use of Model IC (i.e., keeping f .. from Model I). It may be expected that the actual
stress-strain path lies between the boundaries prescribed by the two modified stress-strain curves, as
suggested by Lin and Teng (2019) for FRP-confined circular RC columns. The establishment of a more
accurate stress-strain model for the confined concrete in eccentrically loaded EFCRCCs needs to be
based on a reliable and sufficiently large database of the ultimate axial strain.

Nevertheless, the theoretical analysis based on Model I can already lead to reasonably accurate and
conservative predictions for the peak load, as demonstrated above. Particularly, the predictions are
considered accurate for the specimens with a descending second branch of axial load-displacement
curve as the predicted curves generally go beyond the peak load point. For the specimens with an
ascending second branch of axial load-displacement curve, the predictions are considered conservative
as the predicted curves are generally shorter than the corresponding experimental curves. The trend of
the second branch of a load-displacement curve depends on many factors, among which the slenderness
ratio is an important one and needs to be further investigated in future.

5 CONCLUSIONS

This paper has presented the results of a series of eccentric compression tests on elliptical FRP tube-
confined RC columns (EFCRCC). All the column specimens in the tests had the same height of 900
mm; the test variables included the fibre orientations in the FRP tube, sectional aspect ratio, load
eccentricity and direction of bending. In addition, predictions from theoretical analysis, including
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sectional analysis as well as column analysis considering the second-order effect, are presented and
compared with the test results. Based on the results and discussions presented in this study, the following
conclusions can be drawn:

(1) The EFCRCCs tested in the present study under eccentric compression exhibited excellent
structural performance, particularly excellent ductility. Within the parametric space examined in
the study, the FRP tube provides effective confinement to the concrete in EFCRCCs.

(2) The EFCRCC specimens behaved quite differently when tested under load eccentricities in
different directions. The specimens under major-axis bending had a load-displacement curve with
a generally ascending second branch while the curves of those under minor-axis bending featured
a descending second branch due to the relatively small bending stiffness of the latter.

(3) As expected, the axial load capacity of EFCRCCs decreases as the load eccentricity increases.
This decrease appears to be more pronounced for specimens with a relatively high level of FRP
confinement (e.g., with a relatively small sectional aspect ratio and/or a relatively large angle of
fibre orientations).

(4) The ultimate axial strain of confined concrete in EFCRCCs increases with e;, and this increases
is highly related to the sectional aspect ratio and fibre orientations. The increase in the ultimate
axial strain seems more pronounced for EFCRCCs with a larger sectional aspect ratio or confined
by an FRP tube with a smaller fibre angle.

(5) The fibre orientations of the FRP tube may greatly affect the behaviour of EFCRCCs, including
their failure mode. For EFCRCCs with fibres oriented more away from the hoop direction, failure
may be controlled by FRP rupture on the tension side due to longitudinal tension instead of FRP
rupture on the compression side due to the expansion of concrete.

(6) A theoretical slender column analysis based on the stress-strain model proposed by Liu et al.,
(2023) provides reasonably accurate and conservative predictions for the peak load of EFCRCCs
under eccentric compression, although it generally underestimates the ultimate lateral
displacement of EFCRCCs.
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6 APPENDIX
Model I (Liu et al., 2023)
E.-E,)
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where o is the axial stress; & is the axial strain; E» is the slope of the linear second portion; /.. is the
compressive strength of confined concrete; /., is the compressive strength of unconfined concrete; E.
is the concrete elastic modulus, taken as 4730\f", (in MPa); & is the transition strain between the
parabolic first portion and the linear second portion; &, is the axial strain of confined concrete at the
ultimate state; ., is the strain at the compressive strength of unconfined concrete and is taken as 0.002;
Errp is the hoop elastic modulus of FRP; # is the thickness of FRP tube; &, circuar 1 the hoop rupture
strain of circular column, taken as 0.0192 and 0.0205 for specimens with an FRP tube with fibre
orientation of +80° and +60°, respectively, according to Liu et al. (2023) where FRP tubes of the same
batch as the ones in the present study were used; px is the confinement stiffness ratio; p. is the strain
ratio; pre. is the effective confinement stiffness ratio; ki is the modification factor for the equivalent
confinement stiffness ratio; 4. is a shape factor.

Axial stress-strain curves for concrete in concentrically loaded specimens

Figure A1 shows comparisons between experimental axial stress-strain curves of confined concrete in
the concentrically loaded specimens of the present study (i.e., E1I5F80-S00; E20F80-S00; E15F60-S00)
and the predicted curves from Model I. The axial strain was calculated using the average readings of
the four LVDTs covering the 240 mm mid-height region (i.e., LVDTs 1-4). The axial stress was
calculated by dividing the load taken by concrete by its area. The load taken by concrete was calculated
by subtracting the loads taken by the steel rebars and the FRP tube from the total load on the column
(Figure A2). The details of the calculation are the same as given in Liu et al. (2023).

Slenderness ratio of elliptical-section columns
For an elliptical cross-section, the radius of gyration for bending in the major axis direction ry, or for
bending in the minor axis r, is calculated from:

A, = zab (A10)

:
-2 b (AL1)
=" (A12)
e =g (A13)
[ = /% -2 (AL4)

where 4, = the gross cross-sectional area; /. = the second-moment of area for bending in the major axis
direction; /, = the second moment of area for bending in the minor axis direction; The » (i.e., radius of
gyration) value should be taken as 7 (i.e., a/2) for specimens under major-axis bending (i.e., ¢; in the
major-axis direction) or ry (i.e., b/2) for specimens under minor-axis bending (i.e., e; in the minor-axis
direction). It should be noted that Eqs. A10-A14 do not account for differences in the elastic modulus
for the constitutive materials of a composite cross-section. A transformed radius of gyration 7, (or ry)
can be calculated using the following equations for considering these differences in EFCRCCs (Siddiqui
et al., 2014):
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Ly =1, +(ng =) Iy +(ny —1)1, (A15)

A :AQ +(nes _1)AE+(nef _1)Afrp (A16)
|
r,o= [ (A17)
VA
where 4, = the total cross-sectional area of the steel rebars; 44, = the cross-sectional area of the FRP
tube; I,x = the transformed second moment of area for bending in the major axis direction; /. = the
second moment of area of the steel rebars for bending in the major axis direction; I = the second
moment of area of the FRP tube for bending in the major axis direction; n., = the ratio between the
elastic modulus of the steel rebars and that of the concrete in EFCRCCs; n.r = the ratio between the
elastic modulus of the FRP tube and that of the concrete in EFCRCCs. It can be demonstrated that the
consideration of the different elastic moduli of steel rebars, FRP tube and concrete in EFCRCCs using
the above equations has little effect on the calculated results of the radius of gyration: for the specimens
in the present study, the value of 7« (or r4) is smaller than r« (or r,) by roughly 3.0%. The slenderness
ratios calculated from Eqs. A10-A14 are thus used in the present study, and the value for each specimen
is listed in Table 1.
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Table 1 Details of specimens

] ] FRP tube
Major | Minor
axis axis _ Tube | Number of
No. Specimen ';Sft?gt length | length Tﬂ%t Slerr;(tjieoraess thickness | fibre
2a 2h (mm) layers/
(mm) | (mm) Fibre
orientations
E15F80-S00 301.2 | 200.4 902.5 9.0 2.82
E15F80-S25 301.7 200.1 894.7 11.9 2.90
Group A E15F80-S50 15 300.5 | 200.5 900.2 12.0 2.40
E15F80-5120 301.0 | 201.8 897.0 11.9 241
E15F80-W25 304.0 | 203.0 894.2 17.6 2.70
E15F80-W50 296.3 197.2 891.5 18.1 2.23 6/+80°
E20F80-S00 301.2 155.0 899.9 11.6 241 -
E20F80-525 302.9 155.5 900.8 11.9 2.63
Group B E20F80-S50 20 301.6 155.7 906.0 12.0 2.78
E20F80-5120 301.1 154.7 901.2 12.0 2.58
E20F80-W25 299.9 155.2 904.9 23.3 2.81
E20F80-W50 299.9 154.5 901.5 23.3 241
E15F60-S00 302.2 202.0 891.5 8.8 3.06
E15F60-S25 300.5 202.6 900.0 12.0 2.90
E15F60-S50 305.1 204.4 911.5 12.0 3.51 R
Group C Eisre0s120 | 1° [30L2 | 2017 | 907.8 12.1 3.01 6/+60
E15F60-W25 304.2 203.4 909.5 17.9 3.24
E15F60-W50 302.2 202.6 909.5 18.0 3.06
Table 2 Mix proportions of concrete
Coarse Fi
aggregate ine aggrsgate Cemer31t Watesr Water reclucer
(kg/m?) (kg/m”) (kg/m°) (kg/m”) (kg/m”)
1072 760 343 175 N.A.




Table 3 Properties of concrete

Elastic

Compress[ve Averag modulus Averag fon Averag Poisson’s | Averag
strength f7co efeo E, e Ec %) € &co ratio v eV
0
(MPa) (MPa) (GPa) (GPa) (%)
40.3 34.3 0.211 0.194
28" day 41.5 41.2 34.5 342 |0.225| 0.218 0.179 0.185
41.8 33.7 0.219 0.182
41.9 35.4 0.234 0.197
42" day 44.8 43.2 35.4 346 |0.232| 0.228 0.176 0.186
42.8 33.0 0.218 0.184
Table 4 Properties of FRP tubes
Curved coupon test FRP ring test
Fibre Thickness Eeeon Thickness tege Eree Peak stress | Poisson’s
) . , a a .
orientations (tr';’?['?n h) (GPa) (mm) (GPa) (MPa) ratio
+80° 3.30 38.1 2.84 10.6 70.5 0.093
+60° 3.04 15.6 3.42 14.9 68.9 0.470
Table 5 Properties of steel rebars
Yield Tensile Elastic
Diameter I?](;f. stress fy A\(/ﬁ/lr%%(; fy strength fsy fA V(?\;ﬁ?ae) moduli E év(eé%%e)
' (MPa) (MPa) * (GPa) i
1 433.5 615.7 198.6
2 436.6 618.8 193.8
@16 3 127 432.7 615 7 618.1 5078 199.4
4 433.5 622.0 192.6
1 451.7 613.1 209.6
2 431.9 595.7 196.6
D18 3 439.3 441.2 508 1 605.0 2015 202.9
4 441.8 603.1 204.0




Table 6 Key column test results

At the peak load At the ultimate state Rupture

Specimen Fmax Memax (KN-m) Armax Fu Ay &cu (%0)° Ehu,max SG with Non-functional hoop | location

(kN) | Mi | My | Total | (mm) (kN) (mm) | (LVDT) (%) Ehu,max SGs' (CIT)?
E15F80-S00 3649.8 - 3649.8 - 2.06 1.11° H2 H1, H13 C
E15F80-S25 2820.3 | 70.5 | 78.6 | 149.1 27.9 2820.3 27.9 5.56 1.61 H15 H1, H2, H16 C
E15F80-S50 2058.0 | 102.9 | 69.6 | 1725 33.8 2058.0 33.8 6.08 1.86 H1 - C
E15F80-S120 | 1027.0 | 123.2 | 52.6 | 175.8 51.7 1019.1 55.2 8.14 - - All C
E15F80-W25 | 2042.2 | 51.0 | 434 | 94.4 21.2 1757.8 44.6 7.00 1.59 H13 H1, H10, H14, H16 C
E15F80-W50 | 14378 | 719 | 152 | 87.1 10.6 1042.8 53.1 6.48 - - All C
E20F80-S00 | 2223.9 - 2223.9 - 1.35 1.11° H10 H7, H8, H9 C
E20F80-S25 1955.3 | 48.9 | 59.9 | 108.8 30.6 1951.3 325 6.34 1.69 H15 H, H2|L|1H64’ H14, C
E20F80-S50 14773 | 73.9 | 36.2 | 110.1 24.5 1477.3 24.5 4.40 1.09 H15 H1, H2, H16 C
E20F80-5120 809.8 | 97.2 | 359 | 133.1 44.3 794.0 60.9 8.14 1.29 H14 H1, H2, Tg_& H15- C
E20F80-W25 | 1208.7 | 30.2 | 11.1 | 413 9.2 596.5 77.8 7.58 - - All C
E20F80-W50 794.0 | 39.7 | 7.6 47.3 9.6 395.0 100.6 8.87 - - All C
E15F60-S00 2618.9 - 2532.0 - 1.21 1.45 H5 - C
E15F60-S25 2216.0 | 55.4 | 40.1 | 955 18.1 2176.5 33.3 6.91 4.14 H2 H1, H3 C
E15F60-S50 17973 | 89.9 | 425 | 1324 23.7 1730.1 48.3 9.07 - - All C
E15F60-S120¢ - - - - - - - - - - - -
E15F60-W25 | 1844.7 | 46.1 | 9.1 55.2 4.92 1193.0 75.8 10.0 - - All T
E15F60-W50 | 1331.2 | 66.6 | 151 | 817 114 912.5 72.7 9.51 - - All T

Notes:

a. The letter “C” denotes “the compression side”; the letter “T” denotes “the tension side”.

b. The measured hoop strain is much smaller than expected because rupture did not occur at the mid-height section where the strain gauges were
installed.

c. The symbol “-” denotes that the relevant result is not available.

d. Specimen E15E2-SS-120 failed prematurely at the beginning of the test due to the fracture of weld between the steel rebars and the upper steel plate;
the results of this specimen are thus not available.

e. For eccentrically loaded columns, the axial strain at the extreme compression fibre (ECF) at the mid-height section is reported here; for concentrically
loaded columns, the average axial strain over the cross-section is reported here.

f.  The numbering of strain gauges is given in Figure 4.



Table 7 Predicted peak loads and corresponding bending moments of columns from section analysis

Group Specimen F(rrll(a;;l(-:-)xp F(rrl\(alqrsre Fmax,pre/ Fmax,exp '\(/lkl:ITIaxHesp I\(A&égge MFmax,pre/ MFmax,exp

E15F80-S25 2820.3 2752.8 0.98 149.1 68.8 0.46

E15F80-S50 2058.0 2179.0 1.06 1725 109.6 0.64

Group A E15F80-S120 1027.0 1147.7 1.12 175.8 137.8 0.78
E15F80-W25 2042.2 2461.5 1.21 94.4 61.4 0.65

E15F80-W50 1437.8 1827.6 1.27 87.1 92.0 1.06

E20F80-S25 1955.3 1861.5 0.95 108.8 46.7 0.43

E20F80-S50 1477.3 1493.3 1.01 110.7 74.4 0.67

Group B E20F80-5120 809.8 810.3 1.00 133.1 97.6 0.73
E20F80-W25 1208.7 1462.2 1.21 41.3 36.9 0.89

E20F80-W50 794.0 960.4 1.21 47.3 48.1 1.02

E15F60-S25 2216.0 2125.1 0.96 95.5 53.3 0.56

Group C E15F60-S50 1797.3 1717.9 0.96 132.4 86.2 0.65
E15F60-W25 1844.7 1902.5 1.03 55.2 48.0 0.87

E15F60-W50 1331.2 1461.5 1.10 81.7 73.7 0.90

Average 1.08 0.74

Note: Fiaxexp and Mrmaxexp = experimental peak load and corresponding moment; Fiax pre and Mpmax pre = predicted peak load and corresponding
moment.




Table 8 Comparisons between column test results and theoretical predictions with the use of Model I

. Fraxexp | Frmaxpre Fmax,pre/ Memaxexp | Mrmax,pre MFmax,pre/ Auexp Aupre
Group Specimen KN) | (KN) | Froeoo | (KN'm) | (KN'm) | Memsep | (mm) | (mm) | Zvwre/dueo
EI5F80-S25 | 2820.3 | 24911 | 0838 | 1491 | 894 060 | 279 | 109 0.39
EI5F80-S50 | 2058.0 | 1966.8 | 096 | 1725 | 1227 | 071 | 338 | 124 0.37
Group A | EL5F80-5120 | 1027.0 | 1001.9 | 098 | 1768 | 137.0 | 0.7 | 552 | 167 0.30
EI5F80-W25 | 20422 | 20512 | 100 | 944 | 843 089 | 446 | 161 0.36
EI5F80-W50 | 1437.8 | 14568 | 101 | 87.1 | 857 098 | 531 | 184 0.35
E20F80-S25 | 1955.3 | 17388 | 089 | 1088 | 57.2 053 | 325 | 79 0.24
E20F80-S50 | 1477.3 | 1387.0 | 004 | 110.7 | 8L6 0.74 | 245 | 89 0.36
Group B | E20F80-5120 | 809.8 | 748.1 | 092 | 1331 | 988 0.74 | 609 | 112 0.18
E20F80-W25 | 12087 | 1221.0 | 101 | 413 | 373 090 | 778 | 145 0.19
E2OF80-W50 | 7940 | 7993 | 101 | 473 | 457 097 | 1006 | 152 0.15
E15F60-525 | 2216.0 | 20053 | 090 | 955 | 58.7 061 | 333 | 47 0.14
Group ¢ | E1SFE0-S50 | 17073 [ 16671 | 093 | 1324 | 819 0.66 | 483 | 46 0.10
EI5F60-W25 | 1844.7 | 18238 | 0.99 | 552 | 534 097 | 758 | 65 0.09
E15F60-W50 | 13312 | 1363.2 | 102 | 8L7 | 767 094 | 727 | 63 0.09
Average 0.96 0.79 0.24

Note: Fiaxexp and Mrnaxexp = experimental peak load and corresponding moment; Fiax pre and Mpmax pre = predicted peak load and corresponding
moment; 4, .x, and 4, = experimental and predicted lateral displacements of the mid-height section at the ultimate state.



Table 9 Comparisons between column test results and theoretical predictions with the use of Model IA

= y Model IA [adopting Lin and Teng’s (2019) method]
Group Specimen (rTll(altle-)xp (r;;:% Ecu,exp Fmax,pre Fmax,pre/ Aupre Au,pre/ e €cu,pre/
(kN) Fmax,exp (mm) Au,exp cuPpre Ecu,exp
E15F80-S25 | 2820.3 | 27.9 0.056 2527.7 0.90 15.1 | 0.54 | 0.0388 0.69
Group E15F80-S50 | 2058.0 | 33.8 0.061 20115 0.98 175 | 0.51 | 0.0398 0.65
A E15F80-S120 | 1027.0 | 55.2 0.081 989.9 0.96 27.2 | 0.49 | 0.0462 0.57
E15F80-W25 | 2042.2 | 44.6 0.070 2018.3 0.99 22.2 0.50 | 0.0395 0.56
E15F80-W50 | 1437.8 | 53.1 0.065 1438.4 1.00 29.2 0.55 | 0.0451 0.69
E20F80-S25 | 1955.3 | 32.5 0.063 1735.7 0.89 10.7 0.33 | 0.0291 0.46
Group E20F80-S50 | 1477.3 | 24.5 0.044 1388.6 0.94 12.4 | 0.51 | 0.0300 0.68
B E20F80-5S120 | 809.8 60.9 0.081 744.9 0.92 18.0 | 0.30 | 0.0345 0.43
E20F80-W25 | 1208.7 | 77.8 0.076 1215.2 1.01 20.0 0.26 | 0.0320 0.42
E20F80-W50 | 794.0 | 100.6 0.089 795.3 1.00 24.1 0.24 | 0.0346 0.39
E15F60-S25 | 2216.0 | 33.3 0.069 1989.7 0.90 5.9 0.18 | 0.0193 0.28
Group | E15F60-S50 | 1797.3 | 48.3 0.091 1666.2 0.93 5.7 0.12 | 0.0202 0.22
Cc E15F60-W25 | 1844.7 | 75.8 0.100 1823.2 0.99 7.9 0.10 | 0.0195 0.20
E15F60-W50 | 1331.2 | 72.7 0.095 1360.7 1.02 1.7 0.11 | 0.0204 0.21
Average - 0.96 - 0.34 - 0.46

Note: Foaxexp and Fpa pre = experimental and predicted peak loads, respectively; 4,,ey and 4, . = experimental and predicted lateral displacements
of the mid-height section at the ultimate state, respectively; &cyexp and ec,pre = experimental and predicted axial strains at ECF (measured by LVDT)
at the ultimate state, respectively.
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Figure 11 Correlation between the eccentricity ratio and the strain capacity of confined concrete
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section analysis
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Figure A3 Axial strain distributions in column specimens





