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ABSTRACT

Fibre-reinforced polymer (FRP)-confined concrete-encased cross-shaped steel columns
(FCCSCs) consist of a square FRP outer tube with round corners, a cross-shaped inner steel
section and concrete filled in the between. The unique configuration of FCCSCs ensures that
the concrete in the columns is well confined despite the square column shape, as demonstrated
by the relevant existing research. The existing work on FCCSCs, however, has been limited to
the behavior of short FCCSCs under axial compression. With their optimal configuration, the
use of FCCSCs means that considerably reduced section dimensions may be adopted for the
same load demand, leading to relatively slender columns in practice. In addition, the load
eccentricity is an important parameter to consider in the column design. This paper presents the
first-ever experimental study on the behaviour of slender FCCSCs. The test variables in this
study included the load eccentricity, the slenderness ratio of the column and the thickness of
FRP tube. The test results confirm the excellent structural performance of slender FCCSCs, and
show that the load capacity of FCCSCs decreases with the slenderness ratio and the load
eccentricity. Nevertheless, the confinement effects on the behavior of FCCSCs were found to
be remarkable even when the column slenderness ratio and load eccentricity are large.
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1 INTRODUCTION

In the past three decades, fibre-reinforced polymer (FRP) has gained increasingly wide
applications in structural engineering due to its well-known advantages such as its high
strength-to-weight ratio and excellent corrosion resistance [1]. One of the most popular
applications of FRP is for the strengthening of existing reinforced concrete (RC) columns [1-
8]. More recently, hybrid columns incorporating an FRP confining tube as well as steel and
concrete have attracted increasing research attention [9-19]. Such columns can be collectively
termed hybrid FRP-concrete-steel (FCS) tubular columns [20]. FRP-confined concrete-encased
cross-shaped steel columns (FCCSCs) are a new form of hybrid FCS columns recently proposed
by the authors [21]. An FCCSC consists of a square FRP outer tube with round corners, a cross-
shaped inner steel section and concrete filled in the between. The FRP outer tube acts as both
an external confining device and an anti-corrosion protection skin, while the inner steel section
acts as both longitudinal and lateral reinforcement to the concrete core. Huang et al. [21]
presents the conceptual development of FCCSCs as well as an experimental study which
demonstrated some structural advantages of the new column. The experimental study presented
by Huang et al. [21], however, has been limited to short FCCSCs under axial compression. It is
well known that most of the columns in practice are subjected to combined axial compression
and bending due to load eccentricities. Additionally, the effect of column slenderness on the

compressive behaviour of a column is an important issue to be addressed.

Many experimental studies have been conducted on slender FRP-confined concrete columns

with (e.g. Ref [22-24]) or without steel reinforcing bars (e.g. Ref [25-27]). These studies have
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confirmed that FRP confinement can enhance the strength and ductility of the slender columns.
It has also been reported in these studies that the increase of the load eccentricity and/or column

slenderness generally leads to reduction of the load capacity of the column.

No existing experimental study has been done on slender FCCSCs. Karimi et al. [28-29]
reported experimental studies on slender columns with a similar cross-sectional configuration:
concrete-filled FRP tubes with a steel H-section. It was confirmed by Karimi et al. [28-29] that
the tested columns have good structural performance including high loading capacity and good
ductility. Karimi et al.’s studies [28-29] appear to be the only studies on slender hybrid FCS

columns with an open steel section, and they did not investigate the effect of load eccentricity.

Against this background, an experimental study has recently been completed by the authors on
the short-term behaviour of FCCSCs with various slenderness ratios under both concentric and
eccentric compression. The detailed experimental program and the test results are presented and

discussed in the following sections.

2 EXPERIMENTAL PROGRAM

2.1 Specimens

In total, 16 FCCSC specimens were prepared and tested in this study, including 12 relatively
slender specimens and four short specimens for comparison. All 16 specimens had the same
side length b = 200 mm. Steel sections of identical cross-sectional dimensions were used for

all the 16 specimens, and the dimensions of the steel section were selected based on the
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dimensions of typical steel H sections in the relevant technical standards [e.g., 30-31] and the
steel plates available in the market. Prefabricated square glass FRP tubes were used for these
specimens, and they each had four round corners with a radius of 25 mm (i.e. 1/8 of the side
length). The glass fibres in the FRP tubes were oriented in nearly the hoop direction of the tube
to provide confinement to the concrete and steel, with the angles between the fibres and the
longitudinal axis of the FRP tube being +£80 degrees. Similar FRP confining tubes have been
widely used in existing studies for the same purpose [e.g., 14, 16]. The cross-sectional
configuration of the specimens and its key dimensions are shown in Figure 1. The short columns
all had a height of 500 mm, while three different column heights (i.e., L =1000, 1600, 2400
mm) were adopted for the 12 relatively slender specimens, lending to three different height to
side length ratios (i.e., L/b =5, 8, 12). Among the 12 specimens, three specimens had a L/b
ratio of 5, six specimens had a L/b ratio of 8 and the remaining three specimens had a L/b
ratio of 12. The specimens with the L/b ratio of 5 and 12 all had a 1.2 mm thick FRP tube.
Among the six specimens witha L/b ratio of 8, three specimens had a 1.2 mm thick FRP tube
while the other three had a 2.4 mm thick FRP tube. Therefore, the 12 relatively slender
specimens can be categorized into four groups with three specimens in each group as shown in
Table 1. Three different load eccentricities (i.e., 0, 35, 70 mm) were applied for the three
specimens in each of the four groups, respectively; the load eccentricities at the two ends of
each specimen were the same. The four short FCCSCs had the same height of L = 500 mm,
leading to a height to side length ratio of L/b = 2.5. They included two pairs of nominally

identical specimens, with FRP tube thicknesses of 1.2 mm and 2.4 mm, respectively (Table 1).
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The slenderness ratio (1) are also listed in Table 1 for all the specimens. For an FCCSC with a
side length b and a corner radius 7, its gross cross-sectional area A, and second moment of
inertia I, can be found by Eqgs. 1 and 2, respectively. The radius of gyration 7; can be
calculated by Eq. 3 and then the slenderness ratio 4 can be found by Eq. 4 [32].

Ap = b? — (4 — m)r? (1)

b* 16-3m
IO = — [

T 12 12

rt+ (4 — n)(g — r)zrz] ()

Tg = Vio/ Ao (3)

A=kL/r, 4

where L is the physical column length and kL is the effective column length: for hinged-
hinged supported columns k =1 and for fixed-fixed supported columns k = 0.5 [32]. It
should be pointed out that the calculation of 4 based on Egs. 1, 2, 3 and 4 does not account for
the effect of the steel section in the FCCSC. When accounting for the effect of the steel section,
the so-called transformed cross-sectional area A;, transformed second moment of inertia I; ,
transformed radius of gyration 1y, and the resulting transformed slenderness ratio 4, can be

calculated by Egs. 5, 6, 7 and 8, respectively, as follows [24]:

Ae = Ag + (ne — DA )
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Iy =1y + (n, — 1) (6)

Tgt = \/It/At (7

Ae = kL /7y (8)

where Ag and I are the cross-sectional area and the second moment of inertia of the steel
section, respectively; n, is the ratio between the elastic modulus of the steel and that of the

concrete in FCCSCs.

According to the above equations, for an FCCSC with given values of side length b and
effective length kL, the value of the corner radius r has little effect on the slenderness ratio
of the FCCSC. In addition, it is found that the steel section in FCCSCs has only marginal effects
on the calculated slenderness ratio of the FCCSCs. For the specimens in the current study, the
value of A; calculated form Eq. 8 is smaller than the value of A calculated from Eq. 4 by only
around 2.0%. The slenderness ratios calculated from Eq. 4 are thus simply used in the present

study as listed in Table 1.

For convenience of reference, each of the test specimens was given a name: the name starts
with the capital letter ‘F” which refers to FCCSC, followed by a number (i.e., 2.5. 5, 8 or 12)
which indicates the height to side length ratio (L/b) of the specimen. Following the number is

another Capital letter ‘A’ or ‘B’, denoting the FRP tube thickness (A for 1.2 mm and B for 2.4
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mm). For the relatively slender FCCSC specimens, the name then ends with another number
(i.e., 0, 35 or 70) which refers to the load eccentricity applied to the specimen. For the short
FCCSC specimens, the name ends with a Roman numeral (i.e., I or II) to differentiate the two
nominally identical specimens of each pair. For example, F-8-A35 refers to the FCCSC
specimen of which the height to side length ratio is L/b =8, confined by the FRP tube of 1.2
mm thickness and was subjected to 35 mm load eccentricity; F-2.5-B-I refers to the first short
FCCSC specimen with the height to side length ratio of L/b =2.5 and the FRP tube of 2.4 mm

thickness. Table 1 summarizes the key information of the specimens.

2.2 Material Properties

The relatively slender FCCSC specimens and the short FCCSC specimens were prepared with
two different batches of ready-mixed concrete of the same target strength. Standard plain
concrete cylinders (150 mm X 300 mm) were prepared and tested to obtain the mechanical
properties of each batch of concrete. Based on compression tests of these concrete cylinders
according to Ref [33], the average cylinder strength of the concrete in the test period was 32.2
MPa for the relatively slender specimens and 32.8 MPa for the short specimens. For the
concrete used for the four short FCCSC specimens, the axial strain at the peak stress was
measured to be 0.0024. For the relatively slender specimens, the axial strain at the peak stress
of the concrete was not measured due to an equipment problem, but it can be expected to be
similar to that of the short specimens. The obtained concrete properties are summarized in Table

2.
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The cross-shaped steel sections in the present study were made from rectangular steel plates of
the required dimensions by welding. The rectangular steel plates were cut from large pieces of
steel sheets of the required thicknesses (i.e., 3.2 mm and 4.5 mm). For each of the two types of
steel plates, two steel coupons were cut from the cross-shaped steel sections in the longitudinal
direction, and tensile tests were conducted on the steel coupons according to Ref [34].
According to the coupon test results, the steel plates with the thicknesses of 3.2 mm and 4.5
mm had yield stresses of 290 MPa and 284 MPa, respectively, while had ultimate stresses of

400.5 MPa and 403 MPa, respectively, as listed in Table 2.

The square FRP tubes were fabricated by a filament-winding process using a mould which was
specifically designed for this project. Three FRP coupons were cut from each type of FRP tube
in the hoop direction, and tensile tests were conducted on these FRP coupons according to Ref
[35]. According to the coupon test results, for both the thin FRP tube (1.2 mm thickness) and

the thick FRP tube (2.4mm thickness), the elastic modulus was 26.8 GPa as listed in Table 2.

2.3 Preparation of Specimens

To facilitate the connection between the steel section and the hinge supports, additional cross-
shaped steel plates (15.0 mm thickness) with six threaded holes (see Figure 2) were first welded
to each of the ends of the each cross-shaped steel sections with good alignment. The steel
sections and the FRP tubes were then vertically fixed in a formwork with the steel sections
being placed inside the corresponding FRP tubes. The seams between the bottoms of the FRP

tubes and the baseboard were sealed with silicone gel to avoid water leakage. Concrete was
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then cast for all the specimens with proper vibration. The threaded holes of the steel plates
(Figure 2) were well protected during the casting to avoid being filled with concrete. The
specimens were cured at ambient temperature until the test date. Figure 3 shows the specimens

in preparation.

2.4 Test Setup and Instrumentation

The relatively slender specimens were tested under concentric or eccentric compression and the
four short specimens were all tested under concentric compression. During the test, two steel
hinge supports were used for each relatively slender specimen, while the short specimens were
tested with the column ends in direct contact with the loading plates of the test machine, which

is the same as most previous tests [21].

The photos of the steel hinge support are shown in Figure 4. The hinge support consists of two
parts: the cup-shaped part (see Figure 4a and 4b) with a round groove (or two round grooves)
at its bottom and the wedge-shaped (see Figure 4c) part with a cylindrical edge. The cylindrical
edge of the wedge-shaped part and the round groove(s) of the cup-shaped part were designed
to closely and smoothly fit each other to form the hinge support. Before the test, the two ends
of the specimen were first concentrically fit into the cup-shaped parts of the two hinge supports.
Bolts were then used to tie the cup-shaped parts to the steel plates (Figure 2) welded on the steel
section via the predrilled holes (see Figures 4a and 4b), so that reliable transmission of tensile
forces can be ensured between the steel section and cup-shaped parts. In addition, several bolts

were also used on the sidewalls of the cup-shaped parts (see Figure 4a) to further ensure that
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the cup-shaped parts were tightly connected to the specimen. The load eccentricity (e) applied
on the specimen was determined by the relative position of the round groove on the cup-shaped
part of the hinge support as shown in Figure 4d. With the cup-shaped parts properly mounted
on the specimen, the specimen was then installed in the test machine with the cylindrical edges

of the wedge-shaped parts fitted into the round grooves of the cup-shaped parts.

Figure 5 shows the layout of strain gauges on the cross-shaped steel section and those attached
on the FRP tube at the mid-height of the FCCSC specimens. For each relatively slender
specimen, eight axial strain gauges of 10 mm gauge length were attached on the steel section
to measure the axial strains at different locations, while four axial strain gauges and eight lateral
strain gauges of 20 mm gauge length were applied on the FRP tube to measure the axial and
hoop strains at different locations (see Figure 5a). For each short specimen, two axial strain
gauges and two lateral strain gauges of 10 mm gauge length were attached on the webs of the
steel section to measure the axial and lateral strains, while eight lateral strain gauges of 20 mm
gauge length were used to measure the hoop strains of the FRP tube at the round corners and

the middle of the flat sides (see Figure 5b).

Figures 6 shows the test setups. Seven linear variable displacement transducers (LVDTs) were
used for each relatively slender specimen as shown in Figure 6(a): two LVDTs (L1 and L2)
were used to measure the total shortening of the distance between the two loading plates of the
test machine; one LVDT (L3) was used to measure the lateral deflection of the specimen at the

mid-height; the other four LVDTs (L4, L5, L6 and L7) were used to measure the average
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curvature in the 200 mm mid-height region of the specimen. L4 and L5 were used to measure

)

the average compressive strain &; ¢ on the compressive side of the specimen while L6 and L7

9 on the tensile side. The lateral distance

were used to measure the average tensile strain &;
between the two pairs of LVDTs was D = 550 mm, and the average curvature can be obtained
as |ef ve _ eta vg | /D. For short FCCSCs, only four LVDTs were used in the test as shown in
Figure 6(b): two LVDTs were used to measure the total displacement of the specimens and the
other two LVDTs were used to measure the displacement of the 150 mm mid-region of the

specimens. The photos of the relatively slender FCCSC specimens and short FCCSC specimens

in the test are shown in Figure 7.

3 TEST RESULTS AND DISCUSSIONS
3.1 General Test Observation and Failure Modes

The tests of the relatively slender specimens were terminated when the rupture of FRP tube
occurred. For all specimens except for F-8-A0 and F-8-A70, the FRP rupture happened at
around the mid-height of the specimens on the compression side; for F-8-A0 and F-8-A70, the
FRP rupture prematurely happened at the end region due to local stress concentration. The
typical failure modes of the relatively slender specimens of various slenderness ratio under
eccentric compression (e # 0) are presented in Figure 8a. As shown in this figure, the relatively
slender columns failed with large bending deformation which tended to localise in their mid-
height regions, leading to the rupture of FRP tube in this region. The typical close-up photos of
the rupture of FRP tubes of the relatively slender FCCSCs are presented in Figure 8b. It is

shown in this figure that the rupture of the FRP tubes all occurred within the flat side on the
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compression side. The typical failure modes of the short FCCSCs under concentric compression
are presented in Figure 9. As shown in this figure, failures of the short specimens were marked
by rupture of the FRP outer tube within the flat side at around the mid-height of the specimen,

which was similar to the test observations presented in Ref [21].

The FRP tubes of the relatively slender specimens were removed at the rupture position to
inspect the deformation of the steel sections, and the typical photos are shown in Figure 10. As
presented in this figure, slight local buckling, in the form of small ripples bent outward, was
found on the flange of the steel section on the compression side of the specimens. The slight

local buckling is believed to occur close to or at the rupture of FRP tube.

3.2 Axial Load-Displacement Behaviour

The axial load-displacement curves and axial load-axial strain curves of the four short
specimens are shown in Figure 11. Figures 12-14 show the axial load-displacement curves of
the relatively slender specimens. The axial strains in Figure 11b were calculated using the
readings of the LVDTs mounted at the mid-height region of the specimens (see Figure 6), while
the axial displacement shown in Figure 11-14 were the shortenings of the distance between the
two loading points at the column ends, which were measured by two LVDTs (see Figure 6). It
should be noted that for the eccentrically loaded relatively slender specimens, the loading points
were not the geometric centres of the end sections, so the axial displacement shown in the
figures included that caused by the rotation of the end sections and is typically larger than the

axial displacement between the geometric centres of the two end sections.
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As can be seen in Figure 11a, the short FCCSC specimens all have approximately bilinear axial
load-displacement curves and axial load-axial strain curves. The curves are all terminated at the
rupture of the FRP tube. As listed in Table 3, the average ultimate axial load of the two identical
short specimens F-2.5-A-I and F-2.5-A-II is 2374 kN, while that of F-2.5-B-I and F-2.5-B-Il is
higher (i.e. 2820 kN) as their FRP outer tubes were thicker and thus the concrete core was better
confined. As further indicated in Figure 11b, the average ultimate axial strain of F-2.5-A-I and

F-2.5-A-I1 1s 0.018 while that of F-2.5-B-I and F-2.5-B-II reaches 0.031.

Before making further discussions on the relatively slender specimens, it should be pointed out
that two of the specimens (i.e., F-8-A0 and F-8-A70) failed prematurely at the end region, which
could have somehow affected their behaviour, especially their ultimate state. The test results of
these two specimens are still presented in the relevant figures as references, but their premature

failure mode is given due consideration in making the conclusions.

The comparisons in Figures 12 show the effect of slenderness ratio on the axial load-
displacement curves of the relatively slender specimens. It is apparent in Figure 12 that the
initial stiffness of the curves generally decreases with the slenderness ratio for the eccentrically-
loaded specimens. With the increase of axial load and thus the lateral deflection, the stiffness
of the specimens started to decrease and such decrease appears to be quicker for longer
specimens (e.g. Figure 12¢) which had a larger lateral deflection at the same axial load. Figure

12 also shows that the increase of slenderness ratio resulted in substantial reduction in the
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ultimate axial loads of the specimens. This is because a larger slenderness ratio resulted in a

larger second order moment acting on the specimen at the ultimate state.

The effect of slenderness ratio on the ultimate axial load of the specimens is further illustrated
in Figure 15. As shown in Figure 15 and listed in Tables 3 and 4, when the loading eccentricity
is zero (e = 0), the increase of slenderness ratio from 4.35 (F-2.5-A-I, II) to 17.4 (F-5-A0)
resulted in only a slight decrease (3.7%) of ultimate axial load while further increase of
slenderness ratio results in relatively large decreases of ultimate axial load (e.g. the increase of
slenderness ratio from 17.4 to 27.9 led to a reduction of 14.2% in the ultimate axial load). In
the existing studies (e.g. [37]), a threshold of slenderness ratio (i.e. slenderness limit) is
generally defined for slender columns, of which the slenderness effect on the load capacity
cannot be ignored (e.g. >5% as specified in Ref [37]). Based on the definition of Ref [37], the

specimens of Groups F-8 and F-12 can be categorized as slender columns.

Figure 13 illustrates the effect of load eccentricity on the axial load-displacement behaviour of
the relatively slender specimens. It is clearly seen in this figure that the increase of load
eccentricity led to a decrease of the initial stiffness of the axial load-displacement curves. This
is because the increase of load eccentricity magnifies the bending moment acting on the
specimen even at the initial stage. For the same reason, the increase of load eccentricity also
led to decrease in the ultimate axial load, as shown in Figure 13 and further illustrated in Figure
16. Although there are only three data points for each slenderness ratio, it can be seen in Figure

16 that the ultimate axial load decreases significantly with the load eccentricity.
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Figure 14 shows the effect of FRP tube thickness on the axial load-displacement behaviour of
the specimens. It can be seen that the increase of FRP tube thickness can obviously increase the
ultimate axial load of the specimens and similar observation can be made in Figure 16 as well.
The difference between the peak loads of F-8-A0 and F-8-B0 is 190 kN as shown in Figure
16(a). It is obvious that this difference should not have been larger than 190 kN if F-8-A0 had
not failed prematurely. For the corresponding short specimens F-2.5-A-I, II and F-2.5-B-1, II,
however, the difference between the ultimate axial loads is around 450 kN (see Table 3), which
is much larger than 190 kN. This observation thus indicates that the effect of FRP outer tube
thickness on the ultimate axial load appears to be more pronounced for specimens having a

smaller slenderness ratio.

3.3 Axial Load-Lateral Deflection Behaviour

The axial load-lateral deflection curves of all the relatively slender specimens are shown in
Figures 17-19. The lateral deflection of the specimens plotted in these figures was recorded by

an LVDT (i.e. L3 in Figure 6a) at the mid-height of the specimens.

Figure 17 shows the effect of slenderness ratio on the axial load-lateral deflection curves of the
specimens. It should be pointed out that the curves of F-8-A0 and F-8-A70 in Figure 17 are
somewhat abnormal at the late stage of loading due to their premature failure at the end region.
Nevertheless, it is evident from Figure 17 that the increase of slenderness ratio generally led to

a decrease in the ultimate axial load and an increase in the lateral deflection at the ultimate state.
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For the specimens loaded concentrically [i.e. e = 0, see Figure 17(a)], the lateral deflection was
nearly zero until a certain load, while for the eccentrically loaded specimens [see Figure 17(c)],
considerable lateral deflection occurred even at the early loading stage. The lateral deflection
at the ultimate state was only about 55 mm for Specimen F-5-A70, while it reached over 150
mm for Specimen F-12-A70. Because of the rapider increase of lateral deflection for specimens
with a larger slenderness ratio, especially after the load started to decrease, the curves of these
specimens generally had a more gradual and longer descending branch compared with their
shorter counterparts as shown in Figure 17. Similar observations were also reported in Tao et
al.’s experimental study [36] and verified by Jiang and Teng’s theoretical study [37], both on

slender FRP-confined circular RC columns.

Figure 18 shows the effect of load eccentricity on the axial load-lateral deflection curves of the
relatively slender specimens. As expected, the curves of the specimens loaded with a larger
eccentricity generally have a smaller initial stiffness and a more gradual and longer descending

branch which ends with a larger lateral deflection.

Figure 19 illustrates the effect of FRP tube thickness on the axial load-lateral deflection curves
of the relatively slender specimens. As shown in Figure 19(a), Specimen F-8-B35 has a higher
(by around 10%) ultimate axial load and a significantly larger ultimate lateral deflection (by
over 50%) than Specimen F-8-A35. This is believed to be mainly due to the better confined
concrete core in Specimen F-8-B35 as the fibres in the FRP tube oriented nearly in the hoop

direction. Specimen F-8-A70 failed prematurely at the end region, but based on the curves
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shown in Figure 19(b), it is not unreasonable to expect that the FRP thickness has similar effects
as discussed above for Figure 19(a). It may thus be concluded that both the load capacity and
deformation capacity of FCCSCs increase with the thickness of the FRP outer tube, even when
the load eccentricity and the slenderness ratio are large. The effect of FRP thickness on
relatively slender FCCSCs appears to be more pronounced on their deformation capacity than

for their load capacity.

The effectiveness of FRP confinement for slender columns has also been reported by Tao et al.
[36] in their experimental study on FRP-confined slender circular RC columns under eccentric
compression. According to Ref. [36], depending on the confinement stiffness of FRP, it may
lead to an increase of 15%-40% in the ultimate load of the column, even for circular RC

columns with a height-to-diameter ratio up to 20.4.

3.4 Axial Load-Moment Curves

Figures 20 and 21 show the axial load-moment curves of the mid-height section of the
specimens. In the two figures, the moment is the total moment acting on the mid-height section
of the specimens and consists of two parts, namely, the first order moment and second order
moment. The former equals to the product of the axial load and the original load eccentricity,
while the latter is the product of the axial load and the lateral deflection (recorded by the lateral
LVDT) at the mid-height section. The first order moment, the second order moment and the

total moment at the ultimate state of all specimens are listed in Table 5.
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Figure 20 shows the effect of column slenderness on the axial load-moment curves and Figure
21 shows the effect of load eccentricity on the axial load-moment curves. It is shown in Figures
20 and 21 that the axial load-moment curves all have a linear initial segment, after which the
moment tends to increase at an increasingly large rate until the ultimate axial load is approached.
This is because the lateral deflection and thus the second order moment at the mid-height
section are negligible in the early stage but become increasingly large afterwards. At the initial
stage the total moment is approximately equal to the first order moment, which is not affected
by the slenderness ratio (see Figure 20) and only dependent on the initial load eccentricity (see

Figure 21).

Figure 20 shows that the increase of the column slenderness ratio resulted in a decrease in the
ultimate axial load of the specimen. This is because for a given axial load, the second order
moment at the mid-height section increases with the slenderness ratio because of the increasing
lateral deflection. Figure 21 indicates that the increase of load eccentricity also led to a decrease
in the ultimate axial load, and this is mainly due to the significant increase of the first order

moment at the mid-height section.

3.5 Axial Load-Curvature and Moment-Curvature Curves

Figures 22 and 23 show the effect of slenderness ratio and that of load eccentricity, respectively,
on the axial load-curvature and moment-curvature curves of the mid-height sections of the
relatively slender FCCSC specimens. The curvatures presented in these two figures are the

average curvature within the 200 mm mid-height region of the specimens and were calculated
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using the readings of the four vertical LVDTs [e.g., L4, L5, L6 and L7 in Figure 6(a)] as
explained in Section 2.4. Similar to the discussions in Section 3.4, the moments presented in
these two figures are the total moment (i.e. the sum of the first order and second order moment)

at the mid-height section.

It can be seen in Figure 22(a) that the three curves initially almost coincide with each other,
while in the late stage of loading, the axial load at a given curvature decreases significantly with
the slenderness ratio. This is easy to understand as the first-order moment dominates at the
initial stage, while the second-order moment becomes increasingly larger in the later stage. The
three specimens shown in Figure 22(a), with the same load eccentricity, are subjected to the
same first-order moment at the same axial load, while the second-order moment depends on the
lateral deflection which increases with the slenderness ratio for the same axial load. By contrast,
the total moment-curvature curves shown in Figure 22(b) do not seem to be significantly
affected by the slenderness ratio. It is well known that the moment-curvature curve is a property
of the cross-section and is only related to the axial load level for a given cross-section. Figure
22(b) suggests that the variation of axial load in the range shown in Figure 22(a) has only a
small effect on the moment-curvature behaviour of the given cross-section of FCCSC. The
observation from Figures 22(c) and (d) are similar to that from Figures 22(a) and (b), and the
gap between the two moment-curvature curves in Figure 22(d) is believed to be due to that the

difference in the axial load taken by the two specimens.

As expected, Figure 23(a) shows that the axial load at a given curvature decreases with the load
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eccentricity, as the first-order moment increases with the load eccentricity. Figure 23(b) shows
that the ultimate curvature of Specimen F-5-A0 is nearly negligible compared to those of
Specimens F-5-A35 and F-5-A70. This is because F-5-A0 was subjected to concentric
compression and the axial load level on this specimen was much higher than that of the other

two specimens at the same curvature. Similar observations can be seen from Figures 23(c) and

().

3.6 Strains of the Steel Section

A number of strain gauges were attached at the mid-height of the cross-shaped steel sections in
the relatively slender FCCSC specimens to monitor the axial strains at various positions as

shown in Figure 5(a) (i.e., FC1, FC2, WC, WM1, WM2, WT, FT1 and FT2).

To study the distribution of axial strains of the steel section over its cross section, the (average)
reading of the strain gauge(s) at a series of axial displacement levels were plotted in Figure 24
for two typical specimens (Specimens F-8-A35 and F-8-B35) up to their respective peak load.
It is observed in Figure 24 that: (1) the axial strains on the steel section had an approximately
linear distribution, which means the so-called ‘plane section assumption’ is generally valid; (2)
the steel flanges in both the tensile side and the compressive side of the specimens already
yielded before reaching the peak axial load. These observations are important for the

development of theoretical models and simple design approaches for FCCSCs.
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3.7 Strains of the FRP Tube

The FRP outer tubes can enhance the load capacity of FCCSCs by confining the concrete core
as presented in the previous sections. To further illustrate the behaviour of the FRP tubes of
relatively slender FCCSCs subjected to eccentric compression, the hoop strain behaviour of the
FRP outer tubes are discussed in detail in this section. Comparisons of hoop strain-lateral
deflection (at the mid-height section) curves were made to study the effects of the FRP tube
thickness, load eccentricity and column slenderness on the behaviour of the FRP tubes as shown

in Figures 25 -27.

For an FCCSC under eccentric compression, the hoop strains of the FRP tube on the
compression side are generally much higher than that on the tension side. This is because the
lateral expansion of the concrete in the compression side is much more significant. In Figures
25-27, the comparisons of hoop strain-lateral deflection curves on both the compression sides
and the tension sides of the specimens are made. In these figures, the term “mid flat-side” refers
to the hoop strain at the middle of the compression side (i.e., “CL” in Figure 5) or the middle
of the tension side (i.e., “TL” in Figure 5); the term “corners” refers to the average hoop strain
of the two corners on the compression side (i.e., “CCL1” and “CCL2” in Figure 5) or that of

the two corners on the tension side (i.e., “TCL1” and “TCL2” in Figure 5).

Figure 25 illustrates the effect of FRP tube thickness on the hoop strain-curvature curve by the
comparisons between F-8-A35 and F-8-B35. For the FRP hoop strain behaviour on the

compression side, the following two observations can be made from Figure 25(a): (1) there is
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little distinction between the hoop strains at mid flat-side and those at the corners; (2) for a
given lateral deflection, the increase of FRP tube thickness led to a decrease of FRP hoop strain.
This is simply because a thicker FRP tube thickness can better restrain the expansion of the
concrete core and improve the load capacity of the column (see Figure 19). On the other hand,
Figure 25(b) shows that the variation of FRP tube thickness has a much smaller effect on the
hoop strains of the FRP tube on the tension side of the specimens. This is not surprising as

significant lateral expansion of concrete occurred only on the compression side.

Figure 26 shows the effect of load eccentricity on the hoop strain-lateral deflection curves by
the comparisons between F-12-A35 and F-12-A70. It is clearly illustrated that at the same
lateral deflection, the hoop strains of F-12-A35 were slightly larger than that of F-12-A70 on
both the compression side and the tension side. This is because at the same lateral deflection,
the higher axial load acting on F-12-A35 (see Figure 18d) makes the concrete core of F-12-A35

(especially on the compression side) expand more significantly.

Similar comparisons of the hoop strain-lateral deflection curves were made between F-8-A35
and F-12-A35 in Figure 27 to study the effect of the column slenderness ratio on the hoop strain
behaviour of the FRP tubes of relatively slender FCCSCs. It is evident in Figure 27 that at the
same lateral deflection, the hoop strain of F-8-A35 is obviously larger than that of F-12-A35.
Again, this is mainly due to the fact that F-8-A35 carried a higher axial load than F-12-A35 at
the same lateral deflection (see Figure 17b) and thus the expansion of the concrete core in F-8-

A35 is more significant. As the same FRP tube (with the same rupture strain) was used in both
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specimens, this observation also explains why Specimen F-12-A35 has a larger lateral

deflection than Specimen F-8-A35 at the ultimate state (Figure 17b).

4 CONCLUSIONS

This paper has provided the first insight into the compressive behaviour of slender FCCSCs
through a detailed experimental study. The test variables in this experimental study included
the column slenderness ratio, the load eccentricity and the FRP tube thickness. The effects of
these important factors on various aspects of the column behaviour have been clarified in the

paper. The following conclusions can be drawn based on the test results and discussions:

(1) The slender FCCSC specimens under eccentric compression failed by rupture of the

FRP tubes on the compression side at the mid-height of the column.

(2) Even for the FCCSC specimens with a slenderness ratio of up to 27.9 (L/b = 8), the
FRP tube still provides considerable confinement to the concrete and thus increases the
load and deformation capacity of the specimens. Nevertheless, the increase of column

slenderness ratio tends to reduce the effectiveness of FRP confinement for FCCSCs.

(3) The thickness of FRP tube has a considerable effect on the behaviour of slender FCCSCs,
especially their deformation capacity. The increase of FRP tube thickness from 1.2 mm
to 2.4 mm in this study led to an increase of around 10% in the ultimate axial load and

an increase of over 50% in the ultimate lateral deflection, for FCCSC specimens with a



517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

slenderness ratio of 27.9 and a load eccentricity of 35 mm.

(4) The load capacity of FCCSCs reduces with the slenderness ratio and the load
eccentricity. However, the lateral deformation of FCCSCs at the ultimate state (i.e. FRP
rupture) may increase with the slenderness or the load eccentricity. After the peak load,
slender FCCSCs tend to have a more gradual descending branch of the load-lateral

deformation curve, compared with their short counterparts.

(5) The deformation of the steel section in slender FCCSCs under eccentric compression

generally satisfies the ‘plane section assumption’.
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Table 1. Test matrix

Thickness of Column . . . Load

. . Sectional Side Slenderness ratio ..

Specimen FRP tube height L length b (mm) L/b A= kL eccentricity
(mm) (mm) g (mm)
T
F2 5B 500 200 2.5 435 (k=0.5) 0
24

F-2.5-B-11
F-5-A0 0
F-5-A35 1.2 1000 200 5 174 (k =1) 35
F-5-A70 70
F-8-A0 0
F-8-A35 1.2 1600 200 8 279 (k=1) 35
F-8-A70 70
F-8-B0 0
F-8-B35 24 1600 200 8 279 (k=1 35
F-8-B70 70
F-12-A0 0
F-12-A35 1.2 2400 200 12 41.8 (k=1 35

F-12-A70 70




Table 2. Material properties

Compressive strength (MPa)

Axial strain at the peak stress

Concrete N FEESCs 32.2 0.0024
Slender FCCSCs 32.8 N/A
) Yield stress (MPa) Ultimate stress (MPa)
Steel 3.2 mm thickness =20 400.5
4.5 mm thickness 284.0 403.0
FRP Elastic modulus (GPa) Ultimate tensile strain

26.8

0.0145




Table 3 Key test results

avg

Specimen  E, (kN) S, (mm) D, (mm) C, (103mm™) Eh rup

F-2.5-A-1 2327 7.9 0.0115
F-2.5-A-11 2421 9.8 0.0136
F-2.5-B-1 2783 13.3 NA N/A 0.0119
F-2.5-B-I1 2858 15.0 0.0127
F-5-A0 2286 23.8 -- 0.49 0.0092
F-5-A35 1362 7.5 9.1 0.65 0.0125
F-5-A70 901 10.0 11.7 0.60 0.0130
F-8-A0* 1963 10.6 -- -- --

F-8-A35 1136 7.6 14.4 0.30 0.0106
F-8-A70* 746 11.0 14.33 0.23 --

F-8-B0 2151 20.0 11.0 0.31 0.0040
F-8-B35 1262 7.7 14.3 0.24 0.0071
F-8-B70 806 9.0 14.0 0.33 0.0121
F-12-A0 1713 8.4 13.4 0.35 0.0093
F-12-A35 1024 6.1 18.4 0.21 0.0099
F-12-A70 664 10.6 22.2 0.19 0.0097

F,: the ultimate axial load; S, : the axial displacement at the ultimate axial load; D,,: the lateral deflection at ultimate axial load; C,,: the curvature

at the ultimate axial load; 3;,1;%;,3 the average FRP hoop strain at the ultimate state.

* Specimen failed at the end regions



Table 4 Ratio between the ultimate axial load of the slender FCCSC specimens and that
of the corresponding short column under concentric compression.

Specimen Fy/Fushort
F-5-A0 96.3%
F-5-A35 57.4%
F-5-A70 38.0%
F-8-A0* 82.7%
F-8-A35 47.9%
F-8-A70* 31.4%
F-12-A0 72.2%
F-12-A35 43.1%
F-12-A70 28.0%
F-8-B0 76.3%
F-8-B35 44.8%
F-8-B70 28.6%

F,: the ultimate axial load; Fy, spor¢: the ultimate axial load of the corresponding short
column under concentric compression.
* Specimen failed at the end regions

Table 5 Ultimate moment of slender columns.

. First order moment Second order moment  Total moment
Specimen

(kN.m) (kN.m) (kN.m)

F-5-A0 0.0 2.65 2.65
F-5-A35 41.83 30.79 72.62
F-5-A70 55.73 27.00 82.73
F-8-A0* 0.0 13.74 13.74
F-8-A35 27.26 41.93 69.19
F-8-A70* 52.16 10.68 62.84
F-8-B0 0.0 65.21 65.21
F-8-B35 27.36 57.08 84.44
F-8-B70 36.41 51.28 87.69
F-12-A0 0.0 60.24 60.24
F-12-A35 16.86 55.82 72.68
F-12-A70 27.06 41.92 68.98

* Specimen failed at the end regions
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Figure 3. Specimens in preparation
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Figure 6. Schematics of the test setup and the layout of LVDTs
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Figure 7. Photos of specimens in test
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Figure 8. Typical failure modes of slender FCCSCs

Figure 9. Typical failure modes of short FCCSCs
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Figure 11. Axial load- displacement and axial load-axial strain curves of the short
FCCSC specimens
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Figure 13. Effect of load eccentricity on the axial load-axial displacement behavior of
specimens
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Figure 14. Effect of FRP tube thickness on the axial load-axial displacement behavior
of specimens
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Figure 16. Effect of load eccentricity on the ultimate axial load of the specimens
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Figure 17. Effect of slenderness ratio on the axial load-lateral deflection curves of the
specimens
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Figure 18. Effect of load eccentricity on the axial load-lateral deflection curves of the
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Figure 19. Effect of FRP tube thickness on the axial load-lateral deflection curves of
the specimens
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Figure 21. Effect of load eccentricity on axial load-moment curves
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Figure 22. Effect of slenderness ratio on the axial load-curvature curve and moment-
curvature curve of FCCSCs.
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Figure 23. Effect of load eccentricity on the axial load-curvature curve and moment-
curvature curve of FCCSCs.
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Figure 25. Effect of FRP tube thickness on the hoop strain behavior of the FRP tube at
the mid-height section
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Figure 26. Effect of load eccentricity on the hoop strain behavior of the FRP tube at
the mid-height section
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Figure 27. Effect of slenderness ratio on the hoop strain behavior of the FRP tube at
the mid-height section
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