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Abstract. In this paper, an experimental study was conducted on the compressive behavior of steel tube confined concrete
(STCC) and concrete-filled steel tube (CFST) columns with active and passive confinement. To create active confinement in
the STCC and CFST specimens, an innovative method was used in this study, in which by applying pressure on the fresh
concrete, the steel tube was laterally pretensioned and the concrete core was compressed simultaneously. Of the benefits of this
technique are improving the composite column behavior, without the use of additives and without the need for vibration, and
achieving high prestressing levels. To achieve lower and higher prestressing levels, short and long term pressures were applied
to the specimens, respectively. Nineteen STCC and CFST specimens in three groups of passive, short-term active, and long-
term active confinement were subjected to axial compression, and their mechanical properties including the compressive
strength, modulus of elasticity and axial strain were evaluated. The results showed that the proposed method of prestressing the
STCC columns led to a significant increase in the compressive strength (about 60%), initial modulus of elasticity (about 130%)
as well as a significant reduction in the axial strain (about 45%). In the CFST columns, the prestressing led to a considerable
increase in the compressive strength, a small effect on the initial and secant modulus of elasticity and an increase in the axial
strain (about 55%). Moreover, increased prestressing levels negligibly affected the compressive strength of STCCs and CFSTs
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but slightly increased the elastic modulus of STCCs and significantly decreased that of CFSTSs.
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1. Introduction

The use of steel tube-confined concrete (STCC) and
concrete-filled steel tube (CFST) columns in modern
structures including houses, marine structures, arch bridges,
and high-rise structures is increasing day by day. In STCC
columns, widely used in concrete structures, the
compressive load is applied only on the concrete core. In
this type of composite columns, steel tubes are cut at a
position near the end of the column so that no axial load is
applied directly on the tube. In CFST columns which are
only used in steel structures (Zhao et al. 2010), the
compressive loading is applied on the concrete core and
steel tube simultaneously. Among the advantages of STCC
and CFST columns, their better performance in terms of
strength and ductility compared to that of the concrete or
steel columns can be mentioned (Lai and Ho 2014), which
is the result of the composite action of their components.
However, the compressive behavior of these two composite
sections is different from each other. STCC columns exhibit
higher load-carrying capacity and ductility and lower
stiffness compared to CFST ones (Yu et al. 2010). This is
due to different behaviors of steel tube in the two composite
sections as the steel tube exhibits a more confining role in
STCC columns and a more axial load-carrying role in CFST
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ones. In addition, in CFST columns, the steel tube is under
axial compressive load, thus there is a possibility of local
buckling, while it does not occur in STCC ones (Yu et al.
2010).

Extensive research has been conducted on the behavior
of CFST columns (Han et al. 2008, Gupta et al. 2015,
Alhatmey et al. 2018) and the behavior of the STCC
columns (Tomii et al. 1985, 1987, Aboutaha and Machado
1998, Xiao et al. 2005, Han et al. 2005, Nematzadeh and
Haghinejad 2017, Ghadami and Nematzadeh 2018)
separately, but few studies have compared the two types of
composite columns. Yu et al. (2010) investigated STCC
columns and compared them with CFST columns in terms
of compressive strength. Their results showed that the load-
carrying capacity of the STCC columns is higher than that
of the CFST ones. They also found that the portion of the
axial load for the steel tube in the STCC is lower than that
in the CFST columns.

Confinement in STCC and CFST columns is applied in
passive and active manners. When there is no lateral
pressure on the concrete core prior to the application of the
axial loading, the confinement is passive. In this type of
confinement, for effective lateral pressure, concrete needs
large lateral deformations, and based on the deformation
limitations specified in codes, the behavior improvement
resulted from the confinement is not allowed in the designs
(ACI318 2008, AS3600 1994). One of the ways to prevent
large deformations of concrete and the resulting damage is
to impose a primary lateral pressure on the concrete core,
which leads to the active confinement. In this confinement,
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the appearance of primary cracks on the concrete is delayed
and the growth of internal cracks is slowed down, which in
turn results in an improvement in the composite section
behavior and a significant increase in strength and ductility.
The most commonly used methods for prestressing the
composite columns to create active confinement include
introducing materials with expansive property in the
concrete (Chang et al. 2009, Mortazavi et al. 2003),
prestressing the transverse hoops (Shinohara 2008, Feeser
and Chinn 1962, Martin 1968, Janke et al. 2009,
Moghaddam et al. 2010), prestressing the steel confining
elements thermally (Mokari and Moghadam 2008) and
employing composites with the self-stressing property
(Krstulovic-Opara and Thiedeman 2000, Shin and
Andrawes 2010). One of the latest prestressing methods in
the concrete confined with steel tube is to compress the
fresh concrete inside the steel tube, which in turn
compresses the concrete core and prestresses the steel tube
(Nematzadeh et al. 2017a-d).

Mortazavi et al. (2003) added an expansive agent to the
concrete mixture to create a pre-tensioning of confining
tubes. Their results showed that pre-tensioned tube-
confined columns could increase the bearing capacity by up
to 35% compared to non-pre-tensioned confined concrete
and four times as much as the non-confined concrete. In an
experimental investigation, Martin (1968) used prestressed
spirals to confine concrete specimens. The results showed
that the ultimate axial strength increased about 2.5 times
which was practically independent from lateral prestressing.
Shinohara (2008) carried out an experimental investigation
and finite element analysis on high-strength concrete
columns confined with prestressed transverse stirrups to
evaluate the effectiveness of active confinement.
Moghaddam et al. (2010) used experimental results to
perform a parametric study on the compressive behavior of
concrete with active confinement by metal strips under axial
loading. Their findings showed that due to the active
confinement caused by the prestressed metal strips, the
strength and ductility of the specimens increased
significantly. In addition, it was observed that the ductility
of the confining material played the most important role in
increasing the ductility of the concrete. In an experimental
and analytical study, Shin and Andrawes (2010)
investigated active confinement using shape memory alloys
(SMAs) in reinforced concrete columns. The results showed
that the proposed technique using SMA spirals increased
the strength and stiffness as well as the concrete damage.
Despite these investigations, there is still insufficient
information on the performance of active confinement in
confined concrete, and little has been provided in this area
in design codes and literature. Moreover, most of the
techniques proposed for achieving the active confinement
of composite columns lead to low prestressing levels;
therefore, providing and mechanically evaluating a suitable
method for creating active confinement in STCC and CFST
composite columns was one of the goals of this study.

In this paper, the innovative method was used to
prestress the STCC and CFST specimens by actively
confining the fresh concrete and prestressing the steel tube.
In this method, fresh concrete inside the steel tube is
compressed, which causes the steel tube to undergo

Fig. 1 STCC and CFST specimens

pretension in the circumferential direction. Among the
advantages of this method are a significant improvement in
compressive behavior and lack of the need to use additives
and vibration. Axial compressive loading was applied to the
STCC and CFST specimens in three groups of passive,
short-term prestressed, and long term prestressed. The
results including the compressive strength, modulus of
elasticity and axial strain were explored. Based on the
findings, prestressing the STCC columns led to a significant
improvement in the compressive strength, initial and secant
modulus of elasticity and a considerable reduction in axial
strain. In the CFST columns, prestressing significantly
increased the compressive strength, slightly affected the
secant and initial modulus of elasticity and increased the
axial strain. Moreover, increasing the prestressing level had
a negligible effect on the compressive strength of the STCC
and CFST specimens, while it increased the initial modulus
of elasticity of the STCC concrete slightly and reduced that
of the CFST specimens significantly.

2. Experimental programs
2.1 Details of specimens

In this study, experimental specimens were grouped into
the STCC and CFST ones, each of which was divided into
passive, short-term prestressed (S-active) and long term
prestressed (L-active) groups. To achieve the desired
prestressing level, the prestressing device can exert a certain
pressure to the specimen for a desired length of time. By
placing steel tubes filled with fresh concrete successively
inside this apparatus and applying axial pressure to the
concrete using a hydraulic jack, the fresh concrete was
compacted and simultaneously the steel tube was
pretensioned laterally. Steel tubes filled with fresh concrete
in the apparatus are separated by rigid steel cylindrical
coatings. The pressure was slowly exerted on the first
confined specimen and transferred to the other specimens
by the steel coatings. After the concrete became hardened
and the pressure was removed, some of the circumferential
tensile stress remained in the steel tube, which was
considered as the prestressing level. The pressure applied to
the specimens was both short- and long-term, the former to
create low prestressing levels and the latter to create high
prestressing levels. After reaching the stable pressure,
which lasted about 15-30 minutes, the S-active specimens
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Table 1 Outline of details of the test specimens
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Confinement

Pressure

Concrete Concrete compressive

Specimens Number type duration core type strength (MPa) Dt L/D
Passive 3 passive - uncompressed 335 242 25

STCC  S-active 3 active short term compressed 66.2 242 25
L-active 3 active long term compressed 69.4 242 25

Passive 3 passive - uncompressed 335 242 23

CFST  S-active 3 active short term compressed 66.2 242 23
L-active 3 active long term compressed 69.4 242 23

Fig. 2 Prestressing apparatus

were removed from the prestressing apparatus, and the L-
active ones were removed after 6 days of constant pressure.
The durations of pressure application in the apparatus were
selected through trial and error to achieve different
prestressing levels. The details of the prestressing apparatus
can be illustrated in Fig. 2.

For each test group, three similar specimens were built
and tested under the axial compression. In CFST specimens,
steel and concrete surfaces should be at the same level to be
able to apply the load on steel and concrete sections
simultaneously. For this reason, the lengths of the steel tube
in the CFST and STCC were different from each other and
equal to 140 mm and 150 mm, respectively. The height of
concrete in the tubes in all of the passive specimens
including STCC and CFST was about 140 mm. The passive
STCC and CFST specimens are illustrated in Fig. 1, and
some details of the specimens are given in Table 1.
Seamless steel tubes were utilized in this work, with
characteristics presented in Table 2. The compressive
strength of the uncompressed concrete (reference concrete),

Table 2 Characteristics of steel tube
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Fig. 3 The hoop strain versus time curve of steel tube for S-
active and L-active specimens

short-term pressure compressed concrete and long term
pressure compressed concrete were 33.5, 66.2 and 69.4
MPa, respectively.

2.2 Instrumentation and test setup

All active specimens were made in the prestressing
device (see Fig. 2) which was able to compress the
specimens at any level for a specified duration. The details
of this device are found in the authors’ previous papers
(Nematzadeh and Naghipour 2012a, b). By applying the
pressure on the fresh concrete, the concrete is compressed
and steel tube experiences the hoop tensile stress.
Therefore, after the hardening of the concrete, a prestressing
is developed in the steel tube, through which the
compressed concrete core is laterally pressured.

Horizontal strain gauges mounted on the outer surface
of the steel tubes at mid-height were used to measure the
initial pressure and its reduction during the curing period as
well as the final pressure (during the compressive test). The
initial hoop strain of the S-active and L-active specimens
was equal to 762.8 microstrain. Also, the final hoop strain
level of the specimens after 28 days of applying the
pressure was equal to 94 microstrain for S-active and 374.3
microstrain for L-active specimens, which are equivalent to
the prestressing value (the lateral load acting on the
concrete core) of 1.78 and 7.08 MPa, respectively. Hence,
the pressure reduction for S-active specimens during the
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Axial loading
applied on
concrete core

Axial loading
applied on both
concrete core
and steel tube

Fig. 4 Schematic view of loading conditions on CFST and STCC specimens with deformation measuring devices

curing was equal to 88% and for the L-active ones to 51%.
In the S-active specimens, the internal pressure was greatly
reduced after removal from the prestressing apparatus but
was not completely eliminated. The main reason for this is
the internal friction between the aggregates (Nematzadeh
and Naghipour 2012a, b). In the L-active specimens, the
internal pressure was significantly reduced after removal
within 6 days. The reason is the conversion of the triaxial
compressive stress of concrete core before removal from the
apparatus to the biaxial stress after that. Furthermore,
shrinkage and creep are among the important factors
contributing to daily pressure reduction (Nematzadeh and
Naghipour 2012b). Fig. 3 presents the hoop strain versus
time curve for the S-active and L-active specimens.

The compressive strength testing was conducted on the
STCC and CFST specimens by an ELE testing machine
with a capacity of 2000 kN after at least 28 days from the
time of casting concrete. The monotonic loading applied
considering the load-control strategy was increased until the
specimens failed. The unconfined specimens experienced
monotonic axial loading with the speed of 0.7 KNI/s,
equivalent to 0.29 MPa/s, which is within the 0.15-0.35
MPa/s range proposed in the ASTM C39 (2002).
Furthermore, the loading rate on the composite specimens
was small and equal to 0.7 kN/s. In order to restrain the top
and bottom surfaces of the CFST specimens in the test, a 6
mm-deep indentation was created in the platens and the
specimen was placed between them without clearance.
Also, in the STCC specimens, the concrete surface was 5
mm away from the end of the steel tube so that the load
from the platen was only transferred to the concrete core.
To measure the axial and lateral deformations of the
specimens, two vertical and two horizontal LVDTSs,
mounted on both sides of the specimen symmetrically, were
employed. In addition, horizontal and vertical strain gauges
mounted on the outer surface of the steel tube at the mid-
height were used to measure the hoop and longitudinal
strains of the steel tube. Fig. 4 illustrates a schematic view
of load application on the STCC and CFST specimens and
the location of the deformation measuring devices.

3. Results and discussion

Table 3 provides the test results of the actively- and
passively-confined STCC and CFST specimens. The values

Table 3 Experimental results of STCC and CFST specimens

Occ oo, Ei Esec,y Esec,cc Er .
(MPa) Y7 (MPa) (MPa) (MPa) (MPa) ™

Passive 1085 0.86 10873 6456 4541 18816 0.0239
STCC S-active 170.6 0.80 24276 20597 13149 21950 0.0130
L-active 176.1 0.82 25804 22383 13680 21350 0.0129

specimens

Passive 97.6 0.88 26570 21318 7757 - 0.0126
CFST S-active 1649 0.81 32976 25167 8823 - 0.0194
L-active 163.7 0.61 25725 23707 11120 -  0.0158

given in the table are the mean results of the three similar
specimens for each group.

3.1 Compressive strength of composite section

Knowing the compressive strength of different
composite members, as important structural property, is
essential for design purposes. The compressive strength of
the STCC and CFST specimens with the passive, S-active
and L-active confinement was evaluated in this study. In the
CFST sections, although the total cross-sections of the
concrete and steel tube participated in load-carrying, in
order to compare their capacity with that of the STCC
sections in which only the concrete core had a load-carrying
role, the ratio of load applied to the concrete cross-sectional
area was considered as the compressive stress for all the
specimens.

According to the results of this study, the compressive
strength of composite specimens occurred at the failure
point. Since this point is associated with very large
deformations, the compressive strength at the initial peak
point was introduced to perform the comparison of strength
of composite sections, and this strength was called the peak
compressive strength  (occ). The relative maximum
compressive stress in the axial stress-strain curve of active
specimens (corresponding to the slope of zero) was taken as
the peak compressive strength. Moreover, there was no
relative maximum stress in passive specimens, thus the steel
strain hardening point was regarded as the peak point. This
point corresponds to the location in the stress-strain curve at
which the concavity changes from downward to upward. It
should be noted that in the active specimens, the high
strength of compressed concrete led to the formation of a
relative maximum point in the curve. In fact, with
decreasing confinement ratio (lateral confining pressure to
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Table 4 Experimental and theoretical load-carrying capacity
for CFST specimens

Specimens Fexp (KN) Fheo (KN)
Passive 236.5 235.4
CFST S-active 399.5 314.6
L-active 396.6 322.6
200
170.6 176-1 1649 163.7
160
g 120 | 1982 97.6
2
é 80
40
0
STCC CFST

OPassive MS-active ML-active

Fig. 5 Peak compressive strength of STCC and CFST
specimens

concrete compressive strength ratio), the compressive
behavior of the composite section approached that of the
concrete, and the extremum point of the stress-strain curve
became more visible. Also, when this ratio increased, the
composite section’s behavior tended toward the behavior of
the steel, and the extremum point detection became
difficult. This trend can be observed in other investigations
on the compressive behavior of STCC and CFST composite
columns, such as (Yu et al. 2010).

The peak compressive strength results of all the STCC
and CFST specimens are presented in Table 3 and Fig. 5,
based on which, the STCC specimens with active and
passive confinement have higher compressive strengths
than the CFST specimens. The steel tube in the CFST
specimens was under axial load and its confining role was
limited while in the STCC specimens, the steel strength was
used for the concrete core confinement, and therefore, these
specimens had higher compressive strength compared with
that of the CFST ones (similar to the results obtained in the
research of Liu et al. 2018). The compressive strength of
the STCC specimens with passive, S-active and L-active
confinement was 11%, 3%, and 8%, respectively, higher
than that of the CFST specimens.

As can be seen in Table 3 and Fig. 5, the specimens with
active confinement have a compressive strength
significantly greater than those with passive confinement,
being about 60% and 68% for the STCC and CFST
specimens, respectively. This shows that prestressing the
STCC and CFST specimens using the present method
improves significantly the compressive strength. In the
passive specimens, the effective confinement was achieved
at high levels of axial load (Wan and Zha 2016), which
reduced the load-carrying capacity of the composite
column. On the other hand, this effective confinement
occurred faster in the active specimens due to the existence
of prestressing which increased the load-carrying capacity
of the column.

According to Fig. 5, it can be observed that in both
STCC and CFST, the compressive strength of L-active
specimens differs negligibly from that of S-active
specimens. Such observation suggests that increasing the
prestressing level has a negligible effect on the compressive
strength of the STCC and CFST specimens.

The portion of active confinement in increasing the
compressive strength of the CFST specimens can be
determined from the difference between the experimental
results and the results from Eqg. (1) in which the interaction
between the concrete core and steel tube is not considered.

I:Theo = & fy + A fc (1)

In this equation, Freo is the load-carrying capacity of
CFST. Also, fy and As are the yield strength and cross-
sectional area of the steel tube, and f. and A are the
compressive strength and the cross-sectional area of the
concrete core, respectively. The compressive strength of the
concrete core in S-active and L-active specimens can be
obtained by the Egs. (2) and (3), respectively (Nematzadeh
and Naghipour 2012b)

fo =-0.0370f;" +3.217f )
f, =-0.0331f > +3.185f A3)

where fis and f, are the compressive strength of
compressed concrete in S-active and L-active specimens,
respectively, and fer is the strength of the corresponding
uncompressed specimen, all expressed in MPa. The results
of experimental (Fexp) and theoretical (Frneo) load-carrying
capacity for the CFST specimens are presented in Table 4.
It can be observed that the experimental and theoretical
results in the passive specimens are almost equal, which
indicates that the load-carrying capacity of passive CFST
specimens does not exceed the total capacity of its
components, and as a result, the effect of concrete core
confinement on the compressive strength improvement is
negligible. Furthermore, according to Table 4, it can be seen
that the experimental load-carrying capacity of S-active and
L-active specimens is 27% and 23% higher than the
theoretical results, respectively, which demonstrates the
significant influence of prestressing the steel tube on the
improvement of the load-carrying capacity of the CFST
specimens. In addition, the comparison of the results of S-
active and L-active specimens indicates that increasing the
prestressing level has no significant effect on improving the
compressive strength of CFST specimens.

Here, the vyielding compressive strength of the
composite member (oy) was defined as the compressive
strength at the yielding of the steel tube. Normalized yield
strength is obtained as the ratio of the yield strength to the
peak compressive strength of the composite sections, and its
values for all the STCC and CFST specimens are presented
in Table 3 and Fig. 6. According to these results, the
normalized yield strength for all the specimens is about 0.83
except for the L-active CFST specimen. This indicates that
the yield compressive strength of the composite sections,
regardless of the type of the section (STCC or CFST) and
confinement (active or passive), was about 83% of the peak
compressive strength. The reason for this is that the steel
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Fig. 6 The yielding to the peak compressive strength ratio
of STCC and CFST specimens

tube was under a significant hoop tensile stress at the
beginning of loading caused by prestressing and
longitudinal compressive stress caused by the direct
loading. These two factors caused the steel tube in the
active CFST specimen to experience quick yielding once
the normalized yielding strength of 0.61 was achieved.

3.2 Modulus of elasticity

A major property of composite sections is their modulus
of elasticity, which has a significant role in determining
elastic deformations (Ho and Lai 2013). It is defined as the
ratio of engineering stress to associated engineering strain
or the increment ratio of them, which are called the secant
modulus and tangent modulus, respectively. In this study,
the initial modulus of elasticity, secant modulus at the initial
peak point and modulus of elasticity under reloading for the
STCC and CFST specimens with passive, S-active and L-
active confinement were investigated.

3.2.1 Initial modulus of elasticity

Table 3 and Fig. 7 present the initial modulus of
elasticity (E;) values of the active and passive specimens are
provided. Note that the modulus of elasticity values
reported in this study are lower than the actual values. The
reason is the existence of additional deformations in the
specimen caused by the concentration of stress at the top
and bottom ends of the specimen in contact with the loading
plates, which in turn reduces the modulus of elasticity
(Nematzadeh et al. 2017d). Although this effect is
negligible in the middle region, and the deformation and
modulus of elasticity have their real values, measuring the
axial deformation at mid-height of the concrete core in the
STCCs by LVDTs was not possible. Hence, the total height
of the specimens was considered for measuring the modulus
of the STCC and CFST, for the purpose of comparison.

Fig. 7 demonstrates that the initial modulus of the CFST
specimens with S-active and passive confinement is
significantly greater relative to that of the STCC ones. The
reason is attributed to the significant load-carrying portion
of the steel tube in the CFST specimens. Since the stiffness
of the steel is higher than that of the concrete, a high load-
carrying portion of the steel tube leads to an increase in the
stiffness of the composite section. Although the steel tube in
the STCC specimens carries the axial compressive load due

35000 32976
30000 25804 26570885775
- 25000
&
= 20000
& 15000
10000
5000
0
STCC CFST
OPassive M@S-active ML-active

Fig. 7 The initial modulus of elasticity of STCC and CFST
specimens

to the friction at the concrete-steel interface, its amount at
the early moments of loading is negligible. The findings
show that the initial modulus of the CFST specimens with
passive confinement is 144% higher than that of the STCC
specimens. This value is 36% for the S-active specimens.
Unlike the trend observed for the S-active specimens, the
elastic modulus values of the STCC and CFST specimens
with L-active confinement are almost equal to each other.
The reason for this is a decline in the initial modulus of the
CFST specimens from S-active confinement to the L-active
one. It should be noted that after removing the L-active
specimens from the prestressing apparatus, some
microcracks appeared in the concrete core that reduced its
modulus of elasticity (Nematzadeh and Naghipour 2012b).
Moreover, when the L-active CFST specimens are
subjected to an axial compressive load, due to a higher
Poisson's ratio of steel than that of the concrete at the early
moments of loading, the amount of prestressing and lateral
pressure on the concrete core is reduced (Milan et al. 2019).
This increases the concrete cracking and reduces the elastic
modulus of the composite section. This did not happen in
the S-active CFST specimens due to the low level of
prestressing and in passive specimens due to a lack of
prestressing. Also, this trend was not observed in the STCC
specimens because of small compressive axial stresses in
the steel tube.

According to Table 3 and Fig. 7, the initial modulus of
elasticity of the S-active and L-active STCC specimens is
about 123% and 137%, respectively, greater than that of the
STCC specimens with passive confinement. Thus, applying
the prestressing on the STCC specimens by the present
technique significantly increases the initial modulus of
elasticity. Also, it is observed that the initial elastic modulus
of the S-active CFST specimen is 24% higher and that of
the L-active one is 3% lower than that of the passive
specimen. As a result, prestressing the CFST specimens is
seen to negligibly affect the improvement of the initial
modulus of elasticity (similar results were obtained in
Nematzadeh et al. 2017d). In addition, high elastic modulus
of the compressed concrete core insignificantly affected the
initial elastic modulus of the CFST specimens since a major
load-carrying portion at the early moments of loading
belonged to the steel tube (Lai and Ho 2017), while in the
STCCs, the concrete core played the main role in carrying
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Table 5 Real experimental and theoretical initial modulus of
elasticity for CFST specimens

Specimens Er (MPa) Etheo (MPa)
Passive 54806 58862
CFST S-active 88086 70671
L-active 59357 63261

the load and in the initial modulus of elasticity.

The experimental findings indicated that the initial
modulus of elasticity of the L-active STCC specimen was
6% higher than that of the S-active one, while in the L-
active CFST specimen it was 28% lower than the S-active
one. This indicates that increasing the prestressing level
(from the S-active to L-active) results in a slight increase in
the elastic modulus of STCC and a significant reduction in
that of CFST.

3.2.2 Real elastic modulus of CFST specimens

Since the axial strains of the steel tube and concrete core
were equal in the CFST specimens, it was possible to use
the longitudinal strain gauges mounted on the outer surface
of the steel tube at the mid-height to measure the axial
strain of CFST specimens. Despite the fact that the axial
strain measured by the LVDTs was the average strain along
the entire height of the specimens including the end effects,
the strain recorded by the strain gauges at mid-height of the
specimens did not contain the end effects and the obtained
values of the modulus of elasticity were the real values.
Table 5 gives the real modulus of elasticity results of CFST
specimens (Egr). Note that in this section, the stress of CFST
specimens is obtained by dividing the load by the composite
cross-sectional area (the loading surface). According to
Table 5, the initial modulus of the S-active and L-active
CFST members is considerably and slightly, respectively,
greater than the members with passive confinement, which
suggests the negative influence of high prestressing levels
on the modulus of elasticity of the CFST specimens, as
concluded previously.

Since concrete and steel are in the linear stage at the
early moments of loading, the initial elastic modulus of
CFST specimens can be obtained by the classical equations
of material strength and assuming no concrete core-steel
tube interaction, as follows.

ETheo = M (4)
A

where Etheo, Ec and Es are the modulus of elasticity of the
composite, concrete and steel section, respectively. Also, A;,
Ac and A are the cross-sectional area of the composite
section, concrete core and steel tube, respectively. By
comparing the experimental results with the theoretical ones
and conducting subtraction, it is possible to determine the
portion of the interaction between concrete and steel in the
modulus of elasticity of CFST specimens. In Eq. (4), the
elastic modulus of uncompressed concrete in the passive
specimens and the elastic modulus of compressed concrete
in the active specimens can be determined by the following
equations (Nematzadeh and Naghipour 2012b).

E.. =3000,/f, +13000 for uncompressed concrete (5)

E. =3500,/f, +15900
for concrete under short-term lateral pressure (6)

E, =(0.8336 e " +1)E,,
for concrete under long-term lateral pressure )

where Ecr, Ecs and Eg are elastic modulus of uncompressed
concrete, short-term pressure compressed concrete and
long-term pressure compressed concrete, respectively.
Furthermore, Ps is the ultimate lateral force (prestressing
level) exerted on the concrete core, expressed in MPa. Note
that in the compressed concrete with long term pressure,
there were many cracks due to the release of the lateral
strains after removal from the tube, which significantly
reduced the modulus of elasticity (Nematzadeh and
Naghipour 2012b). Although using the modulus of elasticity
of the compressed concrete under long-term pressure for
calculating the elastic modulus of L-active STCC is
incorrect due to the prevention of the lateral strains of
concrete core by the steel tube, it can still be used to obtain
the modulus elasticity of L-active CFST due to the
separation of concrete and steel at the early moments of the
loading. Based on Egs. (5)-(7), the elastic modulus of the
concrete core in the uncompressed concrete, short- and
long-term pressure compressed concrete was calculated as
30364, 44377 and 35584 MPa, respectively. Therefore,
based on Eg. (4), the modulus of elasticity of the CFST
specimens with passive, S-active and L-active confinement
was obtained as 58862, 70671 and 63261 MPa,
respectively, as seen in Table 5. In the table, it is observed
that the theoretical modulus of the passive CFST is near the
real one. This demonstrates that in passive CFST
specimens, the composite action between the concrete core
and steel tube does not occur at the initial moments of
loading and each component of the composite section acts
independently in carrying the axial load. The same trend
was seen in the specimens with L-active confinement. It can
be seen in Table 5 that the real modulus of elasticity of the
S-active specimens is about 25% higher than the theoretical
value. The difference indicates the importance of the
composite action between concrete and steel in increasing
the initial modulus of elasticity of the S-active specimens
via prestressing.

3.2.3 Modulus of elasticity at steel yielding point

The secant modulus of elasticity of a composite section
at the yielding point of the steel tube (Esecy) is obtained as
the ratio of the yielding compressive strength to the
associated axial strain, which is called the yield secant
modulus. Table 3 and Fig. 8 present the experimental yield
secant modulus values for the actively- and passively-
confined STCC and CFST specimens. In addition, the initial
modulus of elasticity values are displayed in Fig. 8 for
comparison. The yield secant modulus is seen to be smaller
than the initial secant modulus in all specimens, which is
caused by the microcracks formed in the concrete core
during the loading (Yang et al. 2015). The yield secant
modulus was lower than the initial secant modulus by 41%,
15%, and 13% for the STCC specimens with passive, S-
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Fig. 8 Yield secant modulus of STCC and CFST specimens
along with the initial modulus of elasticity

active and L-active confinement, respectively. It can be
found from the results that the proposed method of
prestressing can notably lower modulus reduction while
increasing the prestressing level has no significant effect on
it. In fact, the high strength of the compressed concrete core
and the existence of an effective initial confining pressure
applied on it increased the linear behavior of active STCC
specimens.

Modulus decline in the CFST specimens with passive,
S-active and L-active confinement was obtained as 20%,
24%, and 8%, respectively. It was observed that the
modulus reduction in the L-active specimen was notably
smaller than that of the other specimens. This is attributed
to the fact that the steel tube in the L-active CFST specimen
yields rapidly, as mentioned in Section 3.1, and the
microcracks in the concrete core cannot be developed in a
short time. Therefore, the modulus of elasticity experiences
a small reduction from the starting point of loading until the
steel yielding point. Since the steel modulus of elasticity
plays a major role in determining the elastic modulus of
CFST specimens in the elastic stage, there is no significant
difference between the modulus reduction of the passive
and S-active specimens.

According to Table 3 and Fig. 8, it can be deduced that
the present method of prestressing considerably increases
the yield secant modulus of STCC specimens, while this
increase in CFST specimens is much lower. Furthermore,
increasing the prestressing level has little effect on the yield
secant modulus of STCC and CFST specimens.

3.2.4 Modulus of elasticity at peak point

The secant modulus of elasticity at the initial peak point
(Esec,cc) is called the peak secant modulus and is defined as
the slope of the line that links the origin of coordinates with
the initial peak point on the axial stress-strain curve. It is
obtained as the strength at the initial peak point divided by
the corresponding axial strain. Test results of the peak
secant modulus for the actively- and passively-confined
STCC and CFST members are presented in Table 3 and Fig.
9.

According to the experimental results, the peak secant
modulus of the passive CFST specimens was 71% higher
than that of the STCC ones, while the peak secant modulus
of the CFST specimens with S-active and L-active
confinement was 33% and 19%, respectively, lower than
that of the STCC ones. No similar trend is seen between the
peak secant modulus results of the specimens with S-active
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Fig. 9 Peak secant modulus of STCC and CFST specimens
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Fig. 10 Reloading modulus of elasticity of STCC specimens

and L-active confinement and the initial modulus of
elasticity results. This is because the axial deformation of
the CFST specimens with S-active and L-active
confinement at peak point is significantly higher than that
of the STCC specimens, as discussed later.

Fig. 9 demonstrates that the peak secant modulus of the
composite members increases by applying the prestressing
on the specimens. In this regard, the peak secant modulus of
the STCC specimen with S-active and L-active confinement
was 190% and 201%, respectively, greater than that of the
members with passive confinement. The corresponding
values are 14% and 43%, respectively, in the CFST
specimens. The results indicate that the peak secant
modulus improvement caused by prestressing the CFST
specimens was significantly lower than that of the STCC
ones.

3.2.5 Reloading modulus of elasticity

Reloading modulus of elasticity (Er) is a mechanical
property of composite columns with particular interest for
simulating the behavior of these columns under dynamic
loading. To determine this parameter in the STCC
specimens, axial loading is stopped after an axial
deformation of about 30 mm and then the initial modulus of
elasticity is measured in the reloading phase. In the CFST
specimens, the local buckling of steel tubes occurs in the
first loading phase thus it is not possible to investigate their
properties under reloading.

Table 3 and Fig. 10 give the reloading modulus of
elasticity results for the STCC specimens, according to
which, the reloading modulus of elasticity values in
columns with S-active and L-active confinement are very
close to each other and are only about 15% higher than that
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of the passive one, while this increase is obtained about
230% in the first loading phase. The test results also
showed that the reloading modulus of elasticity of the active
specimens was reduced by 14% compared to the first
loading modulus, contrary to the increase of 73% in the
reloading modulus of elasticity of the passive specimens.
The main reason is that the large deformation of the passive
STCC specimen created in the first loading leads to
significant compression of the concrete core and reduction
of its porosities. Hence, in the reloading, the concrete core
of the passive specimen is a compressed concrete similar to
that of the active specimens and behaves similarly.
Moreover, the steel tube yielded in the first loading, and
hence in unloading, residual stresses remained in the steel
tube, resulting in the prestressing of the confined concrete
in the reloading. Based on the similar conditions of the
concrete core in passive, S-active and L-active specimens
and the existence of prestressing in all of them in the
reloading, their mechanical properties including the
modulus of elasticity were expected to be close to each
other. In addition, in the passive specimens, the two factors
of prestressed steel tube and compressed concrete core led
to a notable increase in modulus of elasticity in the
reloading, while in the active specimens, these two factors
existed in the first loading and no improvement in the
mechanical properties was achieved in the reloading.

3.3 Axial strain at peak point

The peak axial strain of composite columns is the axial
strain at the initial peak point (gcc) and is calculated as the
ratio of axial shortening to the initial length of the
specimens. Table 3 and Fig. 11 present the peak axial strain
of the STCC and CFST specimens with passive and active
confinement. Fig. 11 demonstrates that the peak axial strain
of the STCC column with passive confinement is
significantly greater than that of the CFST column with
active one by about 90%. The main reason of this fact is
that in the passive CFST, the steel tube creates a significant
stiffness against the axial deformation from the start of
loading while in the passive STCC, a considerable axial
deformation occurs before the effective confinement, and
after that, the confinement reduces the rate of increase in
the axial strain. Unlike the passive specimens, the peak
axial strain of the STCC specimens with S-active and L-
active confinement was less than that of the CFST ones,

being 33% and 18%, respectively. This is because the
effective confinement at the beginning of loading due to
prestressing and the compressed concrete core play
significant roles in reducing the axial deformation of the
STCC specimens (Tran et al. 2015), while in the CFST
specimens, the main load-bearing share is for the steel tube,
and hence the two mentioned factors are less effective.
Therefore, it can be concluded that the impact of
prestressing on reducing the axial deformation of STCC
specimens is much more than that of CFST ones.

Based on Fig. 11, the peak axial strain of the STCC
specimens with active confinement is considerably less than
that of those with passive one, while in the CFST
specimens, prestressing leads to an increase in the peak
axial strain. The reason is that the prestressing in the CFST
specimens leads to a quick yielding of the steel tube and a
rapid increase in deformation. Although this behavior is
also present in the STCC specimens, the initial
confinement, and the compressed concrete core
significantly reduce the axial deformation.

4. Conclusions

According to the results of the experimental study, the
following conclusions may be derived:
» The compressive strength of the STCC specimens with
passive, S-active and L-active confinement was about
11%, 3%, and 8% greater than that of the CFST
specimens, respectively.
» The present method of prestressing the STCC and
CFST specimens with considerably increased the
compressive strength by 60% and 68%, respectively. In
addition, increasing the prestressing level (from S-active
to L-active) had a negligible effect on the compressive
strength of the STCC and CFST specimens.
» The load-carrying capacity of the CFST specimens
with S-active and L-active confinement was 27% and
23% higher than the sum of the capacity of their
components, respectively, while no improvement was
observed in the load-carrying capacity of the passive
CFST specimens.
» The yield compressive strength of the composite
specimens regardless of the type of section (STCC or
CFST) and confinement (S-active or passive) was about
83% of the peak compressive strength.
« The initial modulus of elasticity of the CFST columns
with passive and S-active confinement was 144% and
36% higher than that of the STCC ones, respectively.
Also, the modulus of elasticity values of the CFST and
STCC specimens with L-active confinement was almost
the same.
* Prestressing the STCC specimens led to a notable
increase in the initial modulus of elasticity, which was
about 130%, while it had little effect on that of the
CFST  specimens.  Furthermore, increasing the
prestressing level resulted in a negligible increase in the
initial modulus of the STCC specimens and a
considerable decrease in that of CFST specimens.
e The peak secant modulus of the passive CFST
specimen was 71% higher than that of the STCC one,



170 Mahdi Nematzadeh and Saeed Fazli

while the peak secant modulus of the CFST specimens
with S-active and L-active confinement was 33% and
19% lower than that of the STCC ones, respectively.

» The peak secant modulus of STCC specimens
considerably increased with applying the prestressing, as
much as 190% and 201% for S-active and L-active
confinement, respectively. This improvement was
smaller in the CFST specimens, being 14% and 43%,
respectively.

e The reloading modulus of elasticity of the active
STCC specimens compared to the first loading modulus
of elasticity was somewhat reduced, while a significant
increase was achieved in passive confinement.
However, the values of reloading modulus of elasticity
in the specimens with passive, S-active and L-active
confinement were close to each other.

» The axial strain of the active STCC specimens was
considerably less than that of the passive one, while in
the CFST specimens, prestressing increased the axial
strain. In addition, the axial strain in the STCC
specimens with passive, S-active and L-active
confinement was 90% higher, 33% and 18% lower than
the corresponding value in the CFST specimens,
respectively.
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Notations

CFEST Concrete Filled Steel Tube

STCC Steel Tube-Confined Concrete

L-active Long term Prestressed Steel Tube-Confined
S-active Short term Prestressed Steel Tube-Confined
Ac Cross-sectional area of concrete

As Cross-sectional area of steel tube

A Cross-sectional area of composite section

D Outer diameter of steel tube

Ec
EcL
ECR
ECS
Ei

Er
Er

Es
E
Esec.cc
Esecy

ETheo
fo

fcR
ch
Fexp
Fraco
fu

Ps

Ecc
ép
Eu
Vs
Occ

Oy

Modulus of elasticity of concrete
Elastic modulus of long term-pressure

Elastic modulus of uncompressed concrete
Elastic modulus of short term-pressure

Initial elastic modulus of composite specimens
Real elastic modulus of CFST specimens
Reloading modulus of elasticity

Elastic modulus of steel tube

Elastic modulus of steel tube at strain hardening
Secant modulus of elasticity of composite
Secant modulus of élasticity'of composite
Theoretical elastic modulus of CFST specimens
Compressive strength of concrete

Compressive strength of long term pressure
Compressive strength of uncompressed concrete
Compressive strength of short term pressure
Experimental load-carrying capacity of CFST
Theoretical load-carrying capacity of CFST
Ultimate stress of steel tube

Yield stress of steel tube

Final lateral pressure on concrete core
Thickness of steel tube

Axial strain of composite section at the initial
Steel strain at the starting point of strain
Ultimate strain of steel tube

Poisson’s ratio of steel tube

Peak compressive strength of composite section
Yield compressive strength of composite section





