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AXIAL COMPRESSIVE BEHAVIOR OF SQUARE AND RECTANGULAR
HIGH-STRENGTH CONCRETE-FILLED FRP TUBES

Togay OZBAKKALOGLU"

ABSTRACT
This paper presents results of an experimental study on the behavior of square and rectangular
high-strength concrete (HSC)-filled fiber reinforced polymer (FRP) tubes (HSCFFTs) under
concentric compression. The effects of the tube thickness, sectional aspect ratio and corner radius
on the axial compressive behavior of concrete-filled FRP tubes (CFFTs) were investigated
experimentally through the tests of 24 CFFTs that were manufactured using unidirectional carbon
fiber sheets and high-strength concrete (HSC) with 78 MPa average compressive strength. As the
first experimental investigation on the axial compressive behavior of square and rectangular
HSCFFTs, the results of the study reported herein allows a number of significant conclusions to
be drawn. First and foremost, test results indicate that sufficiently confined square and
rectangular HSCFFTs can exhibit highly ductile behavior. The results also indicate that
confinement effectiveness of FRP tubes increases with an increase in corner radius and decreases
with an increase in sectional aspect ratio. It is also observed and discussed that HSCFFTs having
tubes of low confinement effectiveness may experience a significant strength loss at the point of
transition on their stress-strain curves. Furthermore, it is found that the behavior of HSCFFTs at
this region differ from that of normal-strength CFFTs and it is more sensitive to the effectiveness of
confining tube. Examination of the test results have also lead to a number of important observations
on the influence of the key confinement parameters on the development and distribution of the

hoop strains on the tubes of CFFTs, which are presented and discussed in the paper.
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INTRODUCTION

Over the past two decades the use of externally bonded fiber reinforced polymers (FRP) has
become widely accepted for strengthening reinforced concrete members. As an important
application of FRP composites, confinement of existing reinforced concrete columns with FRP
jackets have been investigated extensively (e.g, Rochette and Labossiere 2000; Xiao and Wu
2000; Pessiki et al. 2001; Chaallal et al. 2003; De Lorenzis and Tepfers 2003; Lam and Teng
2004; Hadi 2006; Ilki et al. 2008; Wang and Wu 2008; Eid et al. 2009; Ozcan et al. 2010; Dai
et al. 2011). More recently, attention has turned to the potential applications of FRP composites
for new structures. One such application, which has received much recent attention (e.g.
Mirmiran et al. 1998; Seible et al. 1999; Fam and Rizkalla 2001, 2002; Fam et al. 2005; Shao and
Mirmiran 2005; Ozbakkaloglu and Saatcioglu 2006, 2007; Zaghi et al. 2012), involves the use of
concrete-filled FRP tubes (CFFTs) as high-performance composite columns in earthquake-
resistant construction of new structures. Existing studies have demonstrated the ability of CFFTs
to develop very high inelastic deformation capacities under simulated seismic loading, which
makes them an attractive alternative for construction of new earthquake-resistant columns
(Yamakawa et al. 2003; Shao and Mirmiran 2005; Ozbakkaloglu and Saatcioglu 2006, 2007;

Saatcioglu et al. 2008).

It is well understood that lateral confinement can enhance both the strength and ductility of
concrete. CFFTs owe their improved deformation capacities to the confinement action provided
by the surrounding FRP tube. Therefore, to develop a rational procedure for designing CFFTs as
earthquake-resistant columns in new construction, it is necessary to understand and be able to
model the effects of FRP confinement on the stress-strain behavior of concrete in CFFTs. This
requires a comprehensive investigation on the axial compressive behavior of CFFTs. A number
of such studies have been reported in the literature. However, the majority of these studies have

been concerned with circular CFFTs (Mastrapa 1997; Saafi et al. 1999; Tegola and Manni 1999;



Mirmiran et al. 2001; Moss 2001; Mandal et al. 2005; Zhu et al. 2005; Li 2006; Mohamed and
Masmoudi 2010; Park et al. 2011), and only a few studies have investigated the axial
compressive behavior of square and rectangular CFFTs (Mirmiran et al. 1998; Hong and Kim

2004; Fam et al. 2005; Ozbakkaloglu and Oehlers 2008a).

Very much like that of FRP, the popularity of high-strength concrete (HSC) in the construction
industry has been on a steady incline during the last two decades. It is now understood that HSC
offers superior performance and economy over normal-strength concrete (NSC) when used in the
construction of bridges and multi-story buildings. The use of HSC for CFFTs is attractive
because the combination of two high-strength materials (i.e., HSC and FRP) leads to high-
performance columns. The tests conducted by Ozbakkaloglu and Saatcioglu (2006, 2007) on
large-scale HSCFFT columns have demonstrated the ability of these columns to exhibit highly
ductile behavior under simulated seismic loading. However, research on the compressive
behavior of FRP-confined HSC, in general, and on HSCFFT, in particular, has so far been
extremely limited, with only a handful of studies reported on FRP-wrapped HSC cylinders
(Rousakis 2001; Berthet et al. 2005; Mandal et al. 2005; Almusallam 2007; Eid et al 2009; Wu et
al. 2009; Cui and Sheikh 2010; Xiao et al. 2010; Ozbakkaloglu and Akin 2011) and just one on
FRP-wrapped HSC specimens with square cross-sections (Wang and Wu 2010). This review of
the literature clearly demonstrates that the lack of experimental studies forms a major impediment

to clear understanding of the axial compressive behavior of HSCFFTSs,

As the first experimental study reported in the literature on the axial compressive behavior of
square and rectangular HSCFFTs, this paper presents the results a test program which was aimed
at investigating the influence of critical confinement parameters on the performance of square
and rectangular HSCFFTs. The results of the experimental program are first presented, followed

by a discussion on the influence of the main test parameters on the test results.



EXPERIMENTAL PROGRAM

Test Specimens and Materials

A total of 24 square and rectangular HSCFFTs were manufactured and tested under axial
compression. Details of the test specimens are shown in Table 1. All of the specimens were 300
mm in height. The cross-sectional dimensions were measured at the concrete core, and were
chosen such that the ratio of the sectional area (4) to the perimeter of the section (S) would be
equal in square and rectangular specimens to maintain a constant FRP reinforcement ratio (p)

among specimens with different sectional aspect ratios.
S-t
27 1
p== (1)

where ¢ = total nominal fiber thickness of the FRP tube. The test parameters included: the aspect
ratio of the specimen cross-section (i.e., #/b = 1.0, 1.5 or 2.0), thickness of the FRP tube (i.e., 3 or

5 layers), and corner radius of the FRP tube (i.e., R =15 mm or 30 mm).

The specimens were prepared using a single HSC mix design, which developed an average
unconfined concrete compressive strength of 77.9 MPa during the period of testing. The mix
consisted of crushed bluestone as the coarse aggregate with a nominal maximum size of 10 mm,
and silica fume added at 8 percent of the binder content by weight. The specimens were cast of
four separate batches with the same mix proportions. The testing of the specimens started right
after the attainment of the 28-day strength and continued for approximately 2 weeks. The changes
in the strength of unconfined concrete were monitored by cylinder tests conducted throughout the
testing program. The cylinder strengths of unconfined concrete /. at the day of testing are reported
together with the corresponding axial strains ¢, in Table 1 for each concrete batch. ¢, values were
not measured directly for all the control specimens but were calculated using the expression given
by Tasdemir (1998). As can be seen in Table 1, the average test day cylinder strengths of these

batches varied between 76.6 and 79.6 MPa.



The FRP tubes were prepared using a manual wet lay-up process by wrapping epoxy resin
impregnated carbon fiber sheets around precision-cut high-density Styrofoam templates in the
hoop direction. An overlap length of 100 mm was provided in all specimens to prevent premature
debonding failure. The FRP tubes with 3 layers of FRP were wrapped with a single FRP sheet
continuously, whereas the tubes having 5 layers of FRP were wrapped by two FRP sheets, and
hence had two overlap regions. The CFFTs before testing are shown in Fig.1. The details of the
test specimens are given in Table 1 and the properties of the unidirectional carbon fiber sheets
used in the manufacturing of the FRP tubes are provided in Table 2. The test results from the FRP
coupon specimens prepared using the 0.117 mm thick version of the same carbon fiber sheets
were previously reported in Ozbakkaloglu and Oehlers (2008b), and they are in close agreement
with the fiber properties reported in table 2. Two nominally identical specimens were tested for

each unique specimen configuration.

Specimen Designation

The specimens in Table 1 were labeled as follows: letters A, R and L were used to represent the
test parameters, namely the sectional aspect ratio, corner radius, and number of FRP layers,
respectively. Each letter was followed by a number that was used to represent the value of that
particular parameter for a given specimen. Finally, the last number in the specimen designation
(i.e.,, 1 or 2) was used to make distinction between two nominally identical specimens. For
instance, A15R30L3-1 is the first of the two identical specimens that had a sectional aspect ratio

of 1.5, corner radius of 30 mm and 3 layers of FRP.

Instrumentation and testing
Axial deformations of the specimens were measured with four linear variable displacement

transducers (LVDTSs), which were mounted at the corners between the loading and supporting



steel plates of the compression test machine as shown in Fig.2. The recorded deformations were
used in the calculation of the average axial strains along the height of the specimens. In addition,
half of the specimens (i.e., one of the two nominally identical specimens) were instrumented at
the mid-height with two unidirectional strain gauges with a gauge length of 20 mm to measure
axial strains, which were used to validate LVDT measurements at the early stages of loading.
Transverse strains were measured by six unidirectional strain gauges that were installed at the
mid-height on the FRP tube. Four of these gauges were installed at the mid-span of each face of
the specimen and they had a gauge length of 20 mm. The remaining two gauges were installed on

opposite corners of the specimens and had a gauge length of 10 mm.

The specimens were tested under axial compression using a 5000 kN capacity universal testing
machine. During the initial elastic stage of the behavior, the loading was applied with load control
at 3 kN per second, whereas displacement control was used at approximately 0.01 mm per second
beyond the initial softening until specimen failure. Prior to testing, all specimens were capped at
both ends to ensure uniform distribution of the applied pressure, and the load was applied directly

to the concrete core.

TEST RESULTS AND DISCUSSION

Failure mode

The typical failure modes of the test specimens are shown in Fig. 3. All of the specimens failed
by the rupture of the FRP tube at or near one of the corners of the specimen. In the majority of the
specimens the rupture of the FRP tubes happened at the mid-height of the specimen. A few of the
specimens had failure regions that extended from the mid-height of the specimen to one of its

ends.

Ultimate condition



The ultimate condition of FRP-confined concrete is often characterized as the ultimate strength
and axial strain of concrete recorded at the rupture of the FRP jacket. This makes the relationship
between the ultimate strength 7., ultimate axial strain &, and hoop rupture strain &, an
intimate one. Axial stress and strain data of the test specimens are reported in Table 3, and the

FRP hoop rupture strains recorded on the specimens are given in Tables 3 and 4.

Axial stress and strain

The summary of the key experimental results are shown in Table 3, which include: the ultimate
axial strength and strain of the specimens (f°.. and ¢..), the axial stress that corresponds to the
point of transition from the initial ascending branch to the second branch of the stress-strain curve
(f'r), and the strength and strain enhancement ratios (f°.. /f’. and &../ €.,). The ultimate confined-
concrete strengths /.. were calculated from the recorded axial loads just prior to the failure of the
specimens. The ultimate axial strain of confined concrete ¢., was averaged from the four LVDTSs.
A closer inspection of the results reported in Table 3 reveals that transition stresses /., of some of
the specimens were slightly lower than the cylinder strengths of the unconfined concrete f'. used
in these specimens. As previously discussed in Ozbakkaloglu and Saatcioglu (2004), this
seemingly unexpected observation can be explained by slight differences observed between the
strength of concrete in structural members and the cylinder strength of the same concrete, as
caused by differences in size, shape, curing conditions and casting practice. It follows, therefore,
that for the specimens of the present study the strength of the unconfined concrete inside the FRP

tubes was slightly lower than the strength obtained for the same concrete from the cylinder tests.

The results reported in Table 3 illustrate that the ultimate strength f'.. of the specimens increase
with an increase in corner radius and decrease with an increase in sectional aspect ratio. These
observations were expected and are in agreement with those reported previously on FRP-confined

NSC specimens (Rochette and Labossiere 2000; Ozbakkaloglu and Oehlers 2008a; Wang and Wu



2008; Wu and Wei 2010). Comparison of the specimens having the same number of FRP layers
and corner radius indicate that, in general, an increase in sectional aspect ratio leads to a decrease
in the ultimate strain ¢.,. Again, this observation is in agreement with those made by Wu and Wei
(2010). However, Table 3 illustrates that this influence is not as clear from the comparison of the
specimens with aspect ratios of 1.5 and 2.0 as the one that can be observed from the comparison
of the specimens with aspect ratios of 1.0 and 1.5. Another interesting observation from Table 3
is that an increase in the tube corner radius results in a decrease in the ultimate strain of the
specimens. As can be seen in Table 3, this trend is consistent in every specimen pair of the
present study, independent of the tube thickness and sectional aspect ratio of the specimens. The
results reported in Table 3 also show that, as expected, both the ultimate strength /.. and strain ¢,
increase with increased number of FRP layers. Influence of these key confinement parameters on

the stress-strain behavior of the specimens is discussed in detail later in the paper.

Hoop strains

Table 4 presents the recorded hoop rupture strains ¢, ., and calculated strain reduction factors £,
(Eq.2) for the test specimens. It has been discussed previously in a number of studies (e.g.,
Pessiki et al. 2001; Ilki and Kumbasar 2003; Lam and Teng 2003, 2004; Ozbakkaloglu and Akin
2011) that the ultimate hoop strain ¢, reached in the FRP jacket is often smaller than the
ultimate tensile strain of the fibers 5, which necessitates the use of a strain reduction factor £ in

the determination of the actual confining pressures.

k= @
€

Furthermore, unlike in circular sections, concrete in FRP-confined square and rectangular
sections is not subjected to nearly uniform confining pressure, and the pressure provided by the

FRP tube varies around the perimeter of the cross-section. To provide some insight into the

distribution of the hoop strains around the perimeter of the square and rectangular CFFTs at



ultimate, in Table 4 the average hoop rupture strains and resulting strain reduction factors
obtained from the strain gauges placed on the corners, long-spans and short-spans of the
specimens are reported separately. The overall average strain reduction factor k. was calculated as
0.48 for the specimens of the present study based on the readings obtained from the six hoop
strain gauges placed on each specimen. It was found that strain reduction factor was not sensitive
to the aspect ratio, with the average values of k. calculated as 0.51, 0.46 and 0.47, respectively,
for the specimens having aspect ratios of 1.0, 1.5 and 2.0. However, as evident from Table 4, for
the majority of the specimens the strain reduction factors showed significant variations around

the perimeter of the specimen, with average values calculated for the short-spans (k:_sor), lONg-

spans (kz—ong) and corners (k.—comer) s 0.59, 0.48 and 0.36, respectively.

To illustrate the influence of the sectional aspect ratio and corner radius on the strain reduction
factor, average values of the strain reduction factors are established and presented in Table 5.
Closer inspection of the results reported in Table 5 leads to two important observations on i) the
influence of corner radius on the development of corner strains, and ii) the influence of sectional
aspect ratio on the development of short- and long-span strains. As can be seen Table 5, the
average value of k. comer Was 0.31 and 0.40, respectively, for the specimens with 15 mm and 30
mm corner radius. This indicates that increased corner radius leads to an increase in the corner
strains, which in turn leads to a more uniform hoop strain distribution around the perimeter of the
specimen. It is understood that the confinement effectiveness of FRP tubes improves with the
uniformity of the confining pressure (Lam and Teng 2003; Ozbakkaloglu and Oehlers 2008b),
and hence the above observations suggest that the tubes with well-rounded corners provide more
effective confinement. This conclusion is in agreement with those can be drawn from the results

of the axial compression tests discussed in the following section.



The results reported in Table 5 also illustrate that the average hoop strain reduction factors were
higher on the short-spans of the rectangular specimens (k._s0,) than their long-spans (k;-ong), and
the difference became more significant as the sectional aspect ratio increased. These results
indicate that an increase in the aspect ratio leads to an increase in k.o and a decrease in k. _ong.
The average k_snor /ks—iong ratio of the specimens with an aspect ratio of 1.5 was calculated as
1.29, whereas the same ratio was equal to 1.63 for the specimens with an aspect ratio of 2.0. This
increase in the k._or /ko—ong ratio leads to a less uniform confining pressure distribution and
thereby results in reduced effectiveness of the confining tube. This conclusion is also in

agreement with the axial compression test results discussed in the next section.

Another observation from the results given in Tables 4 and 5 is that the change in corner radius
had no noticeable influence on the distribution of hoop strains between the short- and long-spans
of the specimens. Likewise, the results reported in Table 4 indicate that the number of FRP layers
did not have any major influence either on the average value or on the distribution of the hoop
rupture strains within the range of confinement levels investigated in this study. That is, the
aforementioned observations on the influences of corner radius and sectional aspect ratio were
equally applicable to the specimens with 3 and 5 layers of FRP, and the average value of k. was

0.48 for both series.

Axial stress-strain behavior

Figure 4 illustrates the different stages observed on a typical axial stress-train curve of the
specimens of the present study. The notation and definitions introduced in Fig.4 are used
consistently thought the discussion presented in this section. Axial stress-strain curves of all the
test specimens are shown in Figs. 5 to 7. The curves of the companion specimens shown in Figs.
5 and 6 were represented through the use of two different line styles. It is evident from Figs. 5-7

that sufficiently confined square and rectangular HSCFFTs can exhibit highly ductile
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compressive behavior. However, the figures also illustrate that both the amount, as determined by
the number of FRP layers, and effectiveness of confinement, as determined by the corner radius
and sectional aspect ratio, play a crucial role on the axial compressive behavior of HSCFFTs. It is
well established that FRP-confined concrete exhibits a monotonically ascending curve, which
consists of a parabolic first portion and a nearly straight-line second portion, if the level of
confinement exceeds a certain threshold (Lam and Teng 2003; Ozbakkaloglu and Oehlers 2008a).
On the other hand, when the confinement level is below this threshold the first ascending branch
is followed by a descending branch after the transition point. In the present paper, the term
‘sufficient confinement’ is used to refer to this theoretical threshold confinement level, the
presence of which results in a stress-strain curve with an almost horizontal second branch without
any strong tendency to ascend or descend. The level of confinement provided by square and
rectangular tubes is dependent not only on the amount of confinement but also on the
effectiveness of confinement. In this context, the term confinement effectiveness is being used to
establish a relationship between the amount and level of confinement. It is known that circular
CFFTs provide the highest possible confinement effectiveness (i.e. 100%), whereas the
confinement effectiveness of the square and rectangular CFFTs are lower and it varies as a
function of the corner radius and sectional aspect ratio. These influences are discussed in the

following sections.

As illustrated in Figs. 5-7, all of the three aforementioned stress-strain curve types were observed
for the specimens of the present study, with the majority of the specimens exhibiting either
descending or almost horizontal second branches. As expected, the stress-strain behavior of the
specimens along the second branch is influenced significantly by the important confinement
parameters, including the corner radius, sectional aspect ratio and number of FRP layers. It can be
observed in Figs. 5-7 that most of the specimens experienced a sudden drop in strength starting

right at the transition point on their stress-strain curves. This phenomenon, which is referred to
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herein as "initial strength softening’, can be associated to the brittle nature of the higher strength
concretes. During this stage of the stress-strain behavior, the hoop strains recorded on the FRP
tube of the specimens increased rapidly and at one point confining pressures generated by the
FRP tube reached to a level that was high enough to sufficiently confine the HSC. This point
corresponds to the plateau formation on the stress-strain curves shown in Figs. 5-7, which follows
the initial strength softening region. Beyond this point, further increase in the axial strains lead
either to an almost flat or a slightly ascending type of final portion in the stress-strain curves of
the test specimens, as illustrated in Figs. 5-7. The idealized trends of the second branches of the
stress-strain curves can be defined through the use of an ultimate strength to transition stress ratio
(f'.e/fer)- This ratio is calculated for each test specimen and the average ratios for each series are
reported in Table 3, where a value greater than 1.0 indicates an overall ascending type of second
branch and lower than 1.0 an overall descending type. The influence of the key confinement
parameters on the stress-strain behavior of square and rectangular HSCFFTs is discussed in the

following sections.

Effect of corner radius

Figure 5 illustrates the influence of the corner radius on the axial stress-strain curves for the
specimens of the present study. It can be seen from the figure that, in general, the corner radius of
the FRP tube has a significant influence on the trend of the second branch of the stress-strain
curves that follows the initial ascending branch. The complete trend of the second branch can be
defined through the investigation of the two previously discussed regions that form this branch
(Fig. 4). The magnitude of strength loss observed along the ‘initial strength softening’ region and
the slope of the “final portion of the curve’ that follows the softening region are the two main
quantities required to establish the complete trend of the second branch. The results of the present
study indicate a strong correlation between the confinement effectiveness of the FRP, as

influenced by corner radius and sectional aspect ratio, and the magnitude of the strength loss
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observed at the point of transition. As evident from Fig. 5, the specimens with 30 mm corners
experienced a lower strength drop at the transition point compared to the specimens with 15 mm
corners. The difference was particularly pronounced for the specimens with aspect ratios of 1.0
and 1.5 where the initial strength drop was less significant compared to the specimens with an
aspect ratio of 2.0. This suggests that the increase in the confinement effectiveness attained as a
result of rounding the corners was sufficient to reduce the initial strength loss of series A10 and
A15 specimens. On the other hand apart from a single specimen (i.e., A20R30L5-1) it was not
possible to prevent or reduce the strength drop observed in A20 series specimens through better
rounding of their corners. This implies that increased aspect ratio resulted in a large reduction in
the confinement effectiveness of these specimens, which could not be recovered sufficiently

through increased corner radius.

Figure 5 also illustrates that increase in the corner radius, in general, leads to an increase in the
slope of the final portion of the stress-strain curves that follow the initial strength softening
region. Similar observation were previously reported for FRP-confined NSC (Rochette and
Labossiere 2000; Ozbakkaloglu and Oehlers 2008a; Wang and Wu 2008). In contrast to its
aforementioned beneficial influences on the stress-strain behavior, however, as evident from
Table 3 and Fig.5, an increase in corner radius resulted in a decrease in the ultimate axial strains
of the specimens. In particular, the comparison of the stress-strain curves for the A10L5 series
specimens shown in Fig. 5(b) suggests that for CFFTs designed with sufficiently high amount
and effectiveness of confinement, a CFFT with a smaller corner radius might exhibit a more
favorable stress-strain behavior (i.e., with an almost flat and long second branch) compared to a
CFFT with a larger corner radius (i.e., with an ascending but short second branch). This
observation points to the importance of understanding the interaction between the key
confinement parameters that influence the behavior of square and rectangular CFFTs to design

these systems effectively for a desired level of performance.
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Effect of tube thickness

Figure 6 illustrates the effect of FRP tube thickness on the axial stress-strain behavior of the
CFFTs of the present study. The specimens shown in each of Figs. 6(a) to 6(f) were confined
with either 3 or 5 layers of FRP, and were identical except for the amount of confinement. As
expected, the stress-strain curves shown in Fig.6 and the ¢./&., ratios given in Table 3 illustrate
that the ultimate axial strain of the specimens is influenced significantly and increase directly
with increased tube thickness. On the other hand, the results shown in the same table and figure
also indicate that the relationship between the tube thickness and the ultimate concrete strength is
not as straightforward. Figure 6 shows that the influence of the tube thickness on the overall trend
of the second part of the stress-strain curve is dependent on the confinement effectiveness of the
tube. As evident from the stress-strain curves of A20R15 series specimens shown in Fig. 6(e), the
tube thickness has only a minor influence on the trend of the second portion of the stress-strain
curve when the confinement effectiveness of the CFFT is low. As a result, the thickness of the
FRP tube only marginally influences the ultimate strength of the CFFTs with low confinement
effectiveness. On the other hand, when the confinement effectiveness of the FRP tube is high and
the CFFT exhibits a stress-strain curve with an ascending second branch, the tube thickness has a
direct influence on the ultimate strength of the CFFTSs, as was observed for A10R15 and A10R30
series specimens shown in Figs. 6(a) and 6(b), respectively. The aforementioned observations are
consistent with those reported in Ozbakkaloglu and Oehlers (2008a) for NSCFFTs. The
examination of the stress-train curves shown in Fig.6 also reveal that the thickness of the FRP
tube plays only a marginal role on the initial strength loss experienced by the specimens of the
present study. This region appears to be more sensitive to the parameters that influence the

effectiveness of confinement (i.e., corner radius and aspect ratio) than its amount.

Effect of sectional aspect ratio

14



Figure 7 presents the comparison of the axial stress-strain behavior of the specimens with
different sectional aspect ratios. The specimens shown in each of Figs. 7(a) to 7(h) had the same
corner radius and nearly identical concrete strengths and FRP reinforcement ratios as reported in
Table 1. It is clear from the stress-strain curves shown in Fig. 7 that the magnitude of the initial
strength softening experienced by the specimens was influenced greatly by their sectional aspect
ratios, and the strength loss at the point of transition increased with an increase in the aspect ratio.
As illustrated in Fig.7, this observation is independent of the tube thickness and the corner radius
of the specimens, and is equally applicable for all series of specimens of the present study. As
discussed previously, there is a strong correlation between the confinement effectiveness and the
magnitude of the initial strength loss, and hence the above observation suggests that the
confinement effectiveness of CFFTs decreases with increased sectional aspect ratio. Similar
observations were reported for FRP-confined NSC by a number of previous studies (Lam and
Teng 2003, Ozbakkaloglu and Oehlers 2008a; Wu and Wei 2010). However, the aforementioned
reduction in the confinement effectiveness appears to be having a more significant detrimental
effect on the behavior of HSCFFTs compared to NSCFFTs. The increased sensitivity of the
higher strength concretes to confinement effectiveness can be explained by the more sudden and
brittle failure mode of HSC compared to the gradual failure mode of NSC, which exhibits a more
pronounced softening behavior and in turn allows the gradual activation of the confinement
mechanism. Another interesting observation from Fig.7 is that the slope of the final portion of the
stress-strain curves, the part that follows the "initial strength softening’ region, does not appear to
be affected significantly by the sectional aspect ratio. This observation is not in agreement with
those can be drawn from the previous studies reported on FRP-confined NSC (Lam and Teng
2003, Ozbakkaloglu and Oehlers 2008a; Wu and Wei 2010) where the influence of the aspect
ratio on the slope of the second portion of the stress-strain relationship was rather pronounced.
On the other hand, if an overall trend for the part of the stress-strain curve that is beyond the

transition point is defined through the use of f'../f.; ratios discussed previously, the influence of
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the aspect ratio on these trends agrees well with those reported for FRP-confined NSC in the

aforementioned studies.

CONCLUSIONS
This paper has presented the results of an experimental study on the behavior of square and
rectangular HSCFFTs under axial compression. Based on the results and discussions presented in

the paper the following conclusions can be drawn:

1. Sufficiently confined square and rectangular HSCFFTs can exhibit highly ductile
compressive behavior. However, the behavior of HSCFTTs is highly sensitive to the
effectiveness of confining tube, and tubes with low confinement effectiveness may not
provide sufficient confinement to allow HSCFFTs to maintain their load carrying capacity
after their initial peak strengths are attained.

2. Confinement effectiveness of FRP tubes increases with an increase in corner radius and
decreases with an increase in sectional aspect ratio. Both of these parameters significantly
influence the overall trend of the second portion of the stress-strain relationship of HSCFFTs.
Increased corner radius improves the overall trend of this region but it may result in a reduced
ultimate axial strain. An increase in sectional aspect ratio may also lead to a decrease in the
ultimate strain.

3. FRP tube thickness has a significant influence on the ultimate strain of HSCFFTs, and the
ultimate strain increases with the tube thickness. Although the tube thickness has a significant
effect on the length of the second branch of the stress-strain curve, it only has a minor
influence on the trend of this part of the curve when the confinement effectiveness of the tube
is low. Therefore, increased tube thickness results in an increase in the ultimate strength of

HSCFTTs only if the confinement effectiveness of the tube is sufficiently high.
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4. Rectangular HSCFFTs develop higher hoop strains along their short-spans than their long-
spans at ultimate. The ratio of the short-to-long span strains increase with an increase in the
aspect ratio.

5. HSCCFTs with well-rounded corners develop higher corner hoop strains at ultimate
compared to HSCFFTs with smaller corner radius.

6. For the range of confinement levels investigated in this study, FRP tube thickness does not
appear to have any major influence neither on the average value or on the distribution of the

hoop rupture strains recorded on HSCFFTs.
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Table 1. Properties of test specimens

Concrete f; Eco Specimen b h Number Corner FRP
batch (MPa) (%) (mm) (mm) of FRP radius (R) reinforcement
layers (L) (mm) ratio (p) (%)
1 76.6 0.295 Al10R15L3-1 150 150 3 15 1.81
A10R15L3-2
A10R30L3-1 30 1.78
A10R30L3-2
A10R15L5-1 5 15 3.02
A10R15L5-2
2 77.2 0.296 AlOR30L5-1 30 2.97
A10R30L5-2
A15R15L3-1 125 1875 3 15 1.82
A15R15L3-2
A15R30L3-1 30 1.78
A15R30L3-2
3 79.6 0.301 A15R15L5-1 5 15 3.03
A15R15L5-2
A15R30L5-1 30 2.97
A15R30L5-2
A20R15L3-1 1125 225 3 15 1.82
A20R15L3-2
4 78.2 0.298 A20R30L3-1 30 1.79
A20R30L3-2
A20R15L5-1 5 15 3.04
A20R15L5-2
A20R30L5-1 30 2.99

A20R30L5-2




Table 2. Properties of fiber sheets as provided by the manufacturer

Type Nominal thickness  Tensile strength  Ultimate Tensile Elastic Modulus  Weight
t (mm/ply) fiu (MPa) Strain g, (%) E¢ (GPa) (g/m?)

Carbon 0.234 3800 1.55 240 400




Table 3. Test results

Specimen f'et f'ec Eeu En,rup focf'ct Eeul Eco Ks
(MPa) (MPa) (%) (%)
A10R15L3-1 78.0 73.6 2.30 0.80
0.89 7.3 0.56
A10R15L3-2 77.5 65.2 2.03 0.95
A10R30L3-1 86.7 83.3 1.59 0.78
0.96 52 0.51
A10R30L3-2 84.4 80.5 1.47 0.80
A10R15L5-1 79.4 88.5 3.36 0.67
1.05 10.7 0.46
A10R15L5-2 80.6 78.7 2.94 0.76
A10R30L5-1 94.6 114.2 2.13 0.86
1.21 7.0 0.51
A10R30L5-2 86.4 104.7 1.99 0.72
A15R15L3-1 80.7 55.1 1.50 0.77
0.71 5.0 0.45
A15R15L3-2 79.1 58.6 1.48 0.63
A15R30L3-1 85.5 77.1 1.33 0.76
0.97 4.2 0.41
A15R30L3-2 74.9 77.1 1.17 0.52
A15R15L5-1 85.5 73.9 1.96 0.56
0.88 7.5 0.47
A15R15L5-2 84.7 75.1 2.55 0.90
A15R30L5-1 92.7 95.9 1.48 0.68
1.05 5.4 0.49
A15R30L5-2 90.1 95.7 1.76 0.84
A20R15L3-1 76.3 42.3 1.84 0.61
0.60 5.8 0.44
A20R15L3-2 78.6 51.1 1.63 0.75
A20R30L3-1 74.4 55.7 1.53 0.77
0.75 5.0 0.51
A20R30L3-2 82.4 62.1 1.44 0.80
A20R15L5-1 77.5 63.5 2.13 0.74"
0.74 6.3 0.43
A20R15L5-2 84.9 55.5 1.60 0.59
A20R30L5-1 85.7 89.6 1.99 0.86
1.01 6.0 0.50
A20R30L5-2 79.0 77.3 1.57 0.70

*One of the corners strain gauges were excluded from the calculation of the average hoop
rupture strain.



Table 4. Recorded hoop strains and calculated strain reduction factors

Specimen Enrup (%0) k.
Corner Long-span Short-span Corner Long-span  Short-span

A10R15L3-1 0.67 0.87

0.49 0.60
A10R15L3-2 0.85 0.99
A10R30L3-1 0.78 0.78

0.43 0.55
A10R30L3-2 0.56 0.92
A10R15L5-1 0.24 0.89

0.24 0.57
A10R15L5-2 0.50 0.89
A10R30L5-1 0.60 0.99

0.41 0.56
A10R30L5-2 0.66 0.74
A15R15L3-1 0.49 0.83 0.99

0.29 0.50 0.57
A15R15L 3-2 0.41 0.71 0.77
A15R30L3-1 0.57 0.75 0.96

0.33 0.38 0.53
A15R30L3-2 0.45 0.44 0.68
A15R15L5-1 0.26 0.60 0.81

0.34 0.46 0.61
A15R15L5-2 0.78 0.83 1.09
A15R30L5-1 0.44 0.70 0.88

0.38 0.48 0.61
A15R30L5-2 0.73 0.77 1.01
A20R15L3-1 0.23 0.63 0.98

0.25 0.40 0.67
A20R15L3-2 0.55 0.61 1.09
A20R30L3-1 0.73 0.55 1.03

0.49 0.39 0.64
A20R30L3-2 0.80 0.65 0.94
A20R15L5-1 0.42* 0.60 1.03

0.28 0.37 0.58
A20R15L5-2 0.46 0.54 0.77
A20R30L5-1 0.45 0.79 1.33

0.34 0.43 0.73
A20R30L5-2 0.60 0.55 0.94

*One of the corners strain gauges were excluded from the calculation of the average hoop rupture
strain.



Table 5. Variation of strain reduction factor with sectional aspect ratio and corner radius

h/b R=15 R=30 (R)ar

Keshot  Ketong  Kecomer  Keshot  Ketong Koecomer  Koshot  Kelong Ke-comer
1.0 0.59 0.36 0.55 0.42 0.57 0.39
1.5 0.59 0.48 0.31 0.57 0.43 0.35 0.58 0.45 0.33
2.0 0.62 0.38  0.27 0.68 0.41 0.42 0.65 0.40 0.34
(h/b)ay 0.60 0.48 0.31 0.60 0.47 0.40 0.60 0.47 0.36

*(h/b)ar = average values for specimens with different aspect ratios; (R)a1 = average values for specimens with different

corner radii



Figure 1. Specimens before testing



Figure 2. Test setup and instrumentation



Figure 3. Failure modes of specimens: a) AIOR30L3-2; b) A10R30L5-1; c) A15R15L3-2; d) A1SRI5LS-
2;e) A20R15L3-2
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