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The main objective of the research presented in this paper is to investigate the flexural behaviour of concrete
filled steel tube (CFST) columns of circular cross-section, made with rubberized concrete (RuC). A second objec-
tive is to identify behavioural differences between this type of composite members and typical CFST members
made with standard concrete (StdC), namely in terms of the influence of the rubber aggregate replacement
ratio on member strength, ductility, and energy dissipation capacity. The paper describes the preparation and
development of an experimental campaign, involving the testing of 16 circular specimens, 12 RuCFST and
4 StdCFST. The definition of the test campaign considered a number of parameters, namely cross-section slender-
ness, aggregate replacement ratio, axial load level and loading type. A special device was developed as part of
an innovative testing setup, aimed at reducing both the cost and preparation time of the specimens. This paper
also describes the comparison of the test results with design provisions from Eurocode 4. The test results show
a marginal influence of the type of concrete infill on the monotonic and cyclic behaviour of the members
and also allow concluding that Eurocode 4 is conservative in predicting the capacity of the tested specimens.
Moreover, it is found that the cross-section slenderness does not have a significant influence on the monotonic
and cyclic behaviour of the specimens, pointing out for the possible relaxation of the cross-section slenderness
limits currently specified in Eurocodes 4 and 8.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, the use of concrete filled steel tubes (CFSTs) has
increased in many modern structures. One of the key benefits of CFSTs
is the confinement effect of the concrete provided by the steel tube.
Unlike typical reinforced concrete members, CSFT members can make
full use of the concrete material as it is fully encased by the steel tube.
The tube not only assists in the axial bearing capacity of the member,
but also provides confinement to the concrete core. This leads to lighter
and more cost efficient solutions than reinforced concrete. Moreover,
the triaxial compression stress state of the CFST core can prevent the
brittle behaviour of the material. From a structural point of view, the
concrete core has the ability to delay local buckling of the steel tube
therefore increasing the ductility of the member. Indeed, due to their
high ductility and good energy dissipation capacity, CFST members
have better performance under seismic loading in comparison with
both reinforced concrete and steel tubular elements.

Schneider [1] conducted an experimental and analytical study on the
behaviour of short concrete-filled steel tube columns concentrically
eering, Faculty of Engineering,
loaded in compression up to failure. Fourteen specimens were consid-
ered with different cross-section shapes and depth-to-tube wall thick-
ness ratios (d/t and h/t, respectively). The author pointed out that
circular steel tubes exhibit much higher post-yield axial ductility than
square or rectangular tube cross-sections. Sakino et al. [2] carried out
a 5-year research on concrete-filled steel tubular column systems. In
the study, a total of 114 specimens of different tube shape, depth-to-
tube wall thickness ratio, and concrete strength were fabricated and
tested. From the experimental results it was concluded that the differ-
ence between the ultimate strength and the nominal squash load of
circular CFST columns, which is due to the confinement provided by
the concrete, can be estimated as a linear function of the tube yield
strength. According to the authors, the concrete can restrain the steel
tube wall and delay the occurrence of local buckling. Giakoumelis and
Lam [3] tested 15 short CFST columns of circular cross-section under
compression, and compared the test results with different design
codes. The authors found that Eurocode 4 [4] provides a good prediction
of the axial strength of concrete filled steel tube columns.

Regarding the flexural behaviour of CFSTs, Elchalakani et al. [5]
performed large deformation monotonic tests on circular concrete-
filled steel tubes under pure bending,with diameter-to-thickness ratios,
d/t, ranging from 12 to 110. The authors concluded that concrete filling
fully prevents local buckling and ovalization of cold-formed steel tubes
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Table 2
EC3 section classification for circular tubes (adapted from Eurocode 3).

Class d/t

1 d/t ≤ 50 × 235/fy
2 d/t ≤ 70 × 235/fy
3 d/t ≤ 90 × 235/fy
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with d/t values between 13 and 40, whereas multiple plastic ripples
were observed in the inelastic range for CFSTs with d/t between 74
and 110. Moreover, a close look at the moment-curvature responses
presented in [5] allows concluding that the influence of d/t on the
monotonic flexural behaviour is not very significant. Additionally,
Elchalakani and Zhao [6] performed monotonic and cyclic bending
tests, the latter using a constant amplitude loading history, on long
CFST members of circular cross-section, with diameter-to-thickness
ratios, d/t, ranging from 20 to 162. The results indicated that cyclic
loading can have a considerable effect on the strength of circular CFST
members, particularly for thosemade of slender steel tubes. Han [7] uti-
lized, in addition to his test results of CFST members under monotonic
bending, the experimental data of a number of research authors on
the subject. Through a set of 51 CFST members of circular, square and
rectangular cross-section, the author concluded that Eurocode 4 is con-
servative in predicting the capacity of the test specimens, with an aver-
age difference of about 10% between the code and the experimental
results. More recently, Jiang et al. [8] performed bending tests on square
and rectangular thin-walled CFSTs, with width-to-thickness ratios, h/t,
ranging from 50 to 100. The author demonstrated that Eurocode 4 is
conservative in predicting the flexural capacity of the test specimens,
with an average difference of 9% between the code and the experimen-
tal results.

During the last fewdecades, the application of recycled tire rubber in
concrete (RuC, rubberized concrete), has become an important research
topic. This technology not only enhances the elastic properties of the
concrete, but also allows for scrap rubber re-usage, something very
much in line with current global trends of carbon footprint reduction.
Although its application to asphalt concrete (RAC, Rubberized Asphalt
Concrete) has been introduced in the 60s, with a prominent importance
in the USA, RuC is still a recent, but very promising, topic. Typically, the
total replacement of normal concrete aggregate, small or coarse, results
in a significant reduction in concrete strength, whereas with a reduced
rubberized aggregate usage, the sway on concrete strength can be
minimal, as shown by Khatib and Bayomy [9]. According to the authors,
aggregate replacement ratios should not be higher than 20% of the total
aggregate volume. Regarding the behaviour of RuC members, Xue and
Shinozuka [10] concluded, through free vibration tests, that the average
damping coefficient of RuC columns is higher than that of equivalent
normal concrete members. Therefore, the authors concluded about
the higher energy dissipation capacity of columns with this type
technology, highlighting its potential use as a structural material
aimed at the improvement of structural behaviour in seismic areas.
The application of this material to CFST members has recently been
studied by Duarte et al. [11] for stub columns under compression and
by Duarte et al. [12] for stub columns under cyclic bending. The authors
highlighted the enhanced ductility of CFSTswith rubberized concrete in
comparison to standard concrete. Very recently [13], these authors also
developed finite element models to simulate the monotonic behaviour
of stub CFST columns with RuC under compression and validated the
numerical results through the comparison with experimental values.

From a design perspective, and in addition to the provided methods
for the calculation of the resistance of composite columns, Eurocode 4
aims to prevent the development of local buckling through limitation
Table 1
EC4 d/t limits for circular CFSTs (adapted from Eurocode 4).

Type d/t

Circular d/t ≤ 90×235/fy
of the cross-section slenderness of the tube, by imposing maximum
limits of the d/t ratio, where d is the external diameter of the steel
tube and t is the thickness of the tube wall. In this way, the cross-
section capacity is expected to be governed by the material properties.
For circular members this upper limit is the same as that prescribed in
Eurocode 3 [14] for Class 3 tubular steel sections, which effectively indi-
cates that no account is made for the influence of the concrete infill, as
shown by the data presented in Tables 1 and 2. Eurocode 8 [15]medium
(DCM) and high (DCH) ductility classes for dissipative elements ac-
knowledge the improved CFST behaviour in comparison to the tubular
steel section, by presenting more relaxed d/t limits for each ductility
class, as illustrated in Table 3, where fy is the yield strength of the steel
tube material. It should be noted that the d/t limits prescribed in
Eurocodes 3, 4 and 8 do not make any distinction between the type of
internal forces applied to the cross-section (e.g., simple compression,
simple bending or combined bending with compression).

It is worth noting that the expressions provided in the current
version of Eurocode 8 differ from those provided in Table 3, namely in
terms of the coefficient that accounts for the yield stress of the steel.
Whilst in Table 3 they are presented in the same format of Eurocodes
3 and 4, i.e. 235/fy, in Eurocode 8 they are wrongly presented as fy/235
(Elghazouli and Castro [16]).

This papermainly focuses on: 1) the experimental assessment of the
influence of rubberized concrete (RuC) in CFST members under mono-
tonic and cyclic bending; 2) the comparison of the experimental results
with expected design capacities according to Eurocode 4.

2. Description of the Test Campaign

2.1. Specimen Definition

The experimental campaign consisted on the testing of a total of 16
circular CFST columns, 12 with rubberized concrete (RuC) and 4 with
standard concrete (StdC), with a free length of 1.35 m, in bending. The
considered parameters were the cross-section slenderness ratio d/t,
the concrete aggregate replacement ratio β (detailed in Section 2.2.3),
the normalized axial load n and the lateral load type. The axial load
level n is defined as the ratio between the axial load applied to the
specimen and the axial resistance of the cross-section, which was esti-
mated based on the concrete compressive strength and on the available
properties of the steel, which were obtained before the cold-forming
process. Two levels of axial load were targeted in the test campaign,
namely n = 15% and n = 0%.

In order to study the influence of the cross-section slenderness
on member ductility, both high and low values of d/t were considered,
taking into account the requirements of Eurocode 8 for high and medi-
um ductility class CFSTs. According to the cross-section slenderness
Table 3
EC8 ductility class requirements for circular tubular sections.

Type
DCM DCM DCH

1.5 b q ≤ 2 2 b q ≤ 4 q N 4

Steel EC3 Class 1, 2 or 3 EC3 Class 1 or 2 EC3 Class 1
CFST d/t ≤ 90×235/fy d/t ≤ 85×235/fy d/t ≤ 80×235/fy
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Table 6
Average steel properties of the tubes.

Steel section fy [MPa] fu [MPa]

C219 × 3 308 373
C219 × 5 393 485

Table 4
Specimen list.

Designation β Steel tube Axial load [kN] Lateral load type

CR-RuC15%-219-3-0%-M

15%

C219 × 3

–
Monotonic

CR-RuC15%-219-3-15%-M 222
CR-RuC15%-219-3-0%-C –

Cyclic
CR-RuC15%-219-3-15%-C 222
CR-RuC15%-219-5-0%-M

C219 × 5

–
Monotonic

CR-RuC15%-219-5-15%-M 290

CR-RuC15%-219-5-0%-C – Cyclic
CR-RuC15%-219-5-15%-C 290

CR-RuC5%-219-5-0%-M

5% C219 × 5

–
Monotonic

CR-RuC5%-219-5-15%-M 359
CR-RuC5%-219-5-0%-C – Cyclic
CR-RuC5%-219-5-15%-C 359

CR-StdC-219-5-0%-M

0% C219 × 5

–
Monotonic

CR-StdC-219-5-15%-M 380
CR-StdC-219-5-0%-C –

Cyclic
CR-StdC-219-5-15%-C 380

Table 5
Summary of steel tube thickness.

Steel section μ [mm] σ

C219 × 3 2.96 0.07
C219 × 5 4.72 0.11
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limits presented in Table 3 two different steel cross-sectionswith an ex-
ternal diameter equal to 219mmwere adopted, with awall thickness of
3 mm and 5 mm, henceforth designated by C219 × 3 and C219× 5,
respectively.

The tested specimens are listed in Table 4, in which the specimen
name is a simple concatenation of cross-section type, concrete type,
steel tube geometrical properties, axial load level and lateral load type
(monotonic or cyclic). For example, a specimen designated CR-RuC5%-
219-3-15%-C represents a circular CFST member (CR) with β = 5%,
with steel tube C219 × 3, with a constant axial load level n = 15%
under cyclic lateral loading (C).

2.2. Specimen and Material Properties

2.2.1. Steel Tube Thickness
In order to assess the variability of cross-sectional dimensions in the

test campaign specimens, a measurement of the real steel tube thick-
ness t was carried-out, where a total of 8 thickness measurements per
specimenwere taken. Fig. 1 depicts an example of thesemeasurements,
sequential along the perimeter, for one of both steel section C219 × 3
and C219 × 5 test specimens. The analysis of the examples denotes a
relatively high variability in the steel tube thickness. Table 5 summa-
rizes the obtained values for all the specimens of each steel section, in
terms of mean of population values, μ, and the corresponding standard
deviation, σ.

2.2.2. Steel Properties
All steel tubes used in the test campaign are cold-formed. The steel

grade of section types C219 × 3 and C219 × 5 is S235 and S275,
Fig. 1. Steel tube thickness m
respectively. To evaluate the material mechanical properties, and con-
sidering that each tube of the same steel section type comes from the
same lot, tensile testing of three steel coupons taken from a set of spec-
imenswas performed. Table 6 provides a comparison between the aver-
age steel mechanical properties, in terms of steel yield strength, fy, and
ultimate strength, fu.

Having determined the steel tube mechanical properties, it is
now possible to compare the values of d/t, for each steel section, with the
prescribed limits of Eurocode 4 and Eurocode 8 for circular CFSTs, shown
in Tables 1 and 3, respectively. Table 7 (Eurocode 4) and Table 8 (Eurocode
8) show this comparison for both nominal steel tube properties, taking into
consideration the steel gradeof the tubes, and the real steel tubeproperties.

Regarding the limits of Eurocode 4, it is possible to conclude
that, when the nominal yield strength is considered, the cross-section
slenderness of both tubes is lower than the limit values defined in the
code. However, when the real yield stress is considered, the slender
cross-section (C219 × 3) exceeds the code limit. This indicates that,
according to Eurocode 4, the strength and deformation capacity of the
tubemay be governed by local buckling effects. This issuewill be further
discussed later in this paper.

As for the limits of Eurocode 8, the consideration of the nominal
yield strength of the steel leads to the classification of the C219 × 3
and C219 × 5 members as of high ductility (q N 4). However, when
the real steel properties are considered, steel section C219 × 3 does
not complywith any of the ductility classes of the code. This observation
will be a matter of further discussion in later sections of this paper.

2.2.3. Concrete Properties
Two different ranges of aggregate sizewere used in order to produce

a reference concretemixture: fine aggregate 0/4 GF85 and coarse aggre-
gate 4/10 GC85/20. Two levels of aggregate replacement ratio (β),
RuC5% and RuC15%, were used in the test campaign, by substituting
only the largest range of aggregate size, 4/10GC85/20,with a percentage
of the total amount of normal aggregate used in a given mixture. A
easurement examples.

Image of Fig. 1


Table 7
Comparison of d/t of the tubes with the Eurocode 4 limits.

Steel section
Nominal steel properties Real steel properties

C219 × 3 C219 × 5 C219 × 3 C219 × 5

d/t 73.0 43.8 73.0 43.8
fy [MPa] 235 275 308 393
90 × 235/fy 90.0 76.9 68.7 53.8

Table 9
Concrete properties.

StdC RuC5% RuC15%

Water [l/m3] 216 216 227
Cement [kg/m3] 420 420 420
0/4 GF85 [kg/m3] 551 551 542
4/10 GC85/20 [kg/m3] 1072 1019 896
Rubber [kg/m3] – 54 158
fc [MPa] 53 39 20
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correspondence between the granulometry of the replaced and replace-
ment materials was thus implemented.

In order to determine the concrete mixing ratio of the reference
concrete (StdC), the Faury method was used. The rubberized concrete
mixtures, RuC5% and RuC15%, were theoretically based on the reference
concrete by simple material quantity substitution. However, in order to
have the sameEuropean slump class S3 of 125±15mm, determined by
lab tests with the Abrams cone across all concrete types, RuC5% and
RuC15 have a modified mixing ratio. The obtained mixing ratios for
each concrete type are summarized in Table 9. Additionally, the table
shows the average cube strength, obtained from the testing of three
concrete cubes per mixture, corresponding to the three concrete types
used in the test campaign. The tested concrete cubes were taken during
steel tube pouring process and tested at 28 days of age. There is a clear
influence of the aggregate replacement ratio in the material compres-
sive strength, fc, which significantly reduces as the amount of normal
aggregate that is replaced by rubber aggregates increases.

As the main purpose of the research was to study the difference
between the ductile behaviour of RuCFST and CFST, the potential prob-
ability of steel tube buckling at a relative low drift should be avoided.
Accordingly, C219 × 3 steel tubes were only casted with concrete type
RuC15% whereas the C219 × 5 steel tubes were casted with the three
concrete types.

2.3. Test Setup

In order to study the behaviour of CFSTmembers in bending, with or
without with axial load, different setup approaches may be used. In the
work carried out by Varma et al. [17], the bottom part of the vertical
specimen was fixed to a strong steel base plate, while the top was
connected to a vertical actuator, to provide a compression force to the
specimen, and to a horizontal actuator that imposed a lateral displace-
ment. One important advantage of such setup is that it can accurately
represent the boundary conditions of a CFST member in a structure.
However, during the test, a relatively large bending moment develops
at the base level, which can cause weld cracking between the specimen
and the steel base plate, or cause the steel base plate to yield and have
large deformations before the plastic hinge formation in the specimen.
In the study of Han et al. [7], the specimen was placed horizontally
with two pinned supports at the ends. A horizontal actuator at one of
the ends provided the compression force to the specimen, while an
actuator at midspan applied a vertical displacement. Specimens under
this testing mechanism perform as two cantilevers, separated by the
vertical displacement axis. While this avoids the base limitations of
the previously mentioned testing setup, it requires greater length spec-
imens to have fully compatible test results.
Table 8
Comparison of d/t of the tubes with the Eurocode 8 limits.

Steel section
Nominal steel properties Real steel properties

C219 × 3 C219 × 5 C219 × 3 C219 × 5

d/t 73.0 43.8 73.0 43.8
fy [MPa] 235 275 308 393
DCM 90 × 235/fy 90.0 76.9 68.7 53.8
DCM 85 × 235/fy 85.0 72.6 64.9 50.8
DCH 80 × 235/fy 80.0 68.3 61.0 47.8
In order to combine the advantages of both types of test setups and
reduce the costs associated with the test campaign, a steel box was
designed to overcome the aforementioned limitations. As shown in
Fig. 2, the box consists of a 1400 × 1400 × 60 mm steel base plate and
four steel walls with a height of 500 mm and a thickness of 50 mm
welded to each other and to the base plate. Additionally, based on a
detailed finite element analysis carried out in ABAQUS [18], five stiff-
eners were welded on the exterior of each boxwall, in order to increase
the lateral stiffness of the plates and, consequently, of the testing device.
The three stiffeners located in the middle are designed to transfer the
lateral force form the steel box to the base plate, while the remaining
ones were aimed at receiving the tensile forces and prevent separation
between adjacent steel walls, as well as reducing the stress demands
imposed on the welds. The internal size of the steel box is 750 ×
750 mm, and the base plate is connected to the floor with four
Ø25 mm Dywidag rods located at the corners. The internal part of the
box has custom made high strength steel bolts and nuts. Each steel
bolt is 100 mm long with an additional Ø110 mm hexagon head on
one end, to increase the contact area between the bolt and the speci-
men. Two Ø110 mm steel nuts are used for each steel bolt: one with
thickness of 70 mm is welded to the steel wall, to connect with the
bolt end, while another with 25 mm is placed between the previous
nut and the bolt head, to prevent movement of the bolt during the
test. Upon preparation of a specimen, one should position the member
in the centre of the steel box; place steel plates between the specimen
and the bolts in order to provide proper basal restraint and load trans-
fer; unscrew the bolts until the bolt heads have a full contact with the
specimen; and, finally, move the 25 mm nut along the screw until it
reaches the steel wall nut. The main drawback of the box is that, due
to the layout of the bolts, only rectangular and square specimens can
be installed and laterally restrained. Therefore, for circular steel tubes,
additional filling steel plates are welded to the bottom part of the tube
in order to enable a similar boundary connection to the box constraint
mechanism, as shown in Fig. 3. In the test campaign, all the specimens
are desired to have a fully restrained base, with vertical and lateral
forces applied at the top, as illustrated in Fig. 4.

The specimenswere tested under constant axial load andmonotonic
or cyclic increasing lateral load. Due to the characteristics of the test
setup, the specimen test length was approximately 1.35 m. The axial
loadN0 was applied on some of the specimens andmaintained constant
Fig. 2. Designed steel box.

Image of Fig. 2


Fig. 3. Circular CFST detail.

Fig. 4. Test setup.
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throughout the test by a 750 kN maximum capacity actuator. The level
of axial load was controlled in the lab by a hydraulic system, in order
to have a pre-defined axial load in the member. Precautions were
made to avoid any eccentricity in the axial load application through a
Fig. 5. Cyclic load
very precise positioning of the specimen in the box, and to avoid non-
uniform axial loading of the member's top cross-section by aligning
both the concrete core and the steel tube edges. The lateral loading
cyclic protocol was based on the SAC loading protocol [19], as shown
in Fig. 5, in which six cycles are imposed for specimen drift ratios θ =
0.375%, θ = 0.50% and θ = 0.75%, four cycles at θ = 1%, and two cycles
for the remaining levels of θ with 1% increment.

Due to lateral actuator range limitations, displacement levels were
limited to a maximum of 300 mm hence, given that the specimen was
aligned with the centre of the box, the range of movement of the top
of each specimen was between ±150 mm. This value decreased to
±70 mm in the tests with applied vertical load, in order to minimize
test frame vibrations induced by vertical loads with high lateral dis-
placements, and by some range limitations of the vertical actuator in
the lateral direction. The loading capacity of the lateral actuatorwas lim-
ited to a maximum of 500 kN. The imposed lateral displacement was
measured by an internal measurement system, and the level of applied
force was measured using a load cell. The measurement of the rotation
of the bottom cross-section of the specimen at the point of maximum
flexural demand during the test, above the 500 mm of box constraints,
wasmadewith two inclinometers located on the two sides of themem-
ber. These proved to be necessary to take into account the rigid body
rotation in the evaluation of the effective top lateral displacement.

Testing was conducted either up to specimen failure, only of signifi-
cance in cyclic lateral loading, or until the actuator range limits were
reached, which are more important in monotonic tests. Only minimal
displacements of the box walls top edge were observed in the lateral
direction. All the tested specimens showed a very ductile behaviour,
and testing proceeded in a smooth and controlled manner.

3. Experimental Results and Specimen Behaviour

3.1. Behaviour of the Testing Device

The development of a new testing device always comes with it a
certain degree of concern, as the limitations of its correct applicability
are somewhat unknown. To such extent, the test campaign carried out
in this research included some level of behavioural control of themech-
anism employed to materialize the base restraint. This included moni-
toring the lateral displacement of the box wall in the direction of the
test, using an LVDT (Fig. 6) and the level of rotation above the height
of the box constraint, with the use of two inclinometers (Fig. 7). It is
important to note that the inclinometers used for this analysis were
able to measure, for each side of the specimen, both the rotation about
the axes orthogonal (X) and parallel (Y) to the test direction. These
are, in fact, the rotations of the unconstrained base of the specimen
during the test, above the height of the filling steel plates.

Regarding the deformation of the box walls, as expected, a linear
correlation between the stiffness of the tested specimen and the level
of displacement of the box wall was found. Indeed, the observed peak
displacement was higher for the test specimens with the steel tube
C219 × 5 than for those with C219 × 3, and increased linearly while
the specimen was in the elastic range, remaining constant after the
formation of a plastic hinge in the member. Although present, this
level of displacement was negligible and unnoticeable during the test,
ing protocol.

Image of &INS id=
Image of &INS id=
Image of Fig. 5


Fig. 6. LVDT positioning at one of the box walls.

Fig. 7. Inclinometer positioning at the specimen's base.

Fig. 9. Average base rotations for test specimens CR-RuC15%-219-3-0%-M and CR-
RuC15%-219-5-0%-M.

Fig. 10. Δreal correction for test specimen CR-RuC15%-219-3-0%-M.
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as confirmed by Fig. 8, where the level of boxwall deformation is signif-
icantly lower than the level of imposed displacement.

As for the base rotations, the test results presented in Fig. 9, taken for
each specimen and for rotations X and Y as the average measurements
between both inclinometers, demonstrate similar trends to those
observed for the box wall deformation. Interestingly, a correlation
between the specimen's base X rotation and the level of imposed lateral
force was found, where both values are proportional by the same factor
throughout the test. It was however found that, in order to have accu-
rate results for the level of imposed lateral displacement at the top of
the composite column, a correction should be made regarding the dis-
placement component related with X rotation. On the other hand, no
significant influence of Y rotation in the test results was found. There-
fore, for each test, the “real” imposed lateral displacement is given by
Δreal=Δ−X∗h, where Δ is the imposed lateral displacement, X is the
rotation, and h the clear height of the test specimen, taken as 1.35 m.
Fig. 8. Boxwall displacement for test specimens CR-RuC15%-219-3-0%-MandCR-RuC15%-
219-5-0%-M.
Figs. 10 and 11 illustrate this displacement correction for test specimens
CR-RuC15%-219-3-0%-M and CR-RuC15%-219-5-0%-M, respectively.

The procedure used for the base rotationmeasurement proved to be
a noteworthy advantage of the developed testing device, as it is easier to
implement than with the typical steel only testing setup, where the
steel section is welded at the base to a very thick plate, which in turn
is connected to the reaction floor. In the latter case, the specimen's
base rotation that can occur during the test, for example due to buckling
of the base plate, is measured indirectly with LVDTs, adding a level of
complexity and inaccuracy to the procedure.
Fig. 11. Δreal correction for test specimen CR-RuC15%-219-5-0%-M.
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Fig. 12. Local buckling of the steel tube in a monotonic test.

Fig. 13. Fracture of the steel tube during a cyclic test.

Fig. 15. Test results for CR-RuC15%-219-3-15% specimens.
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3.2. Test Results

In all the specimens tested under monotonic lateral loading, com-
bined or not with a constant axial load, a typical local plastic mode
consisting of outward buckling was observed. However, even for the
large levels of drift ratio reached in the tests, the level of buckling defor-
mation was relatively low. As far as the cyclic lateral loading tests are
concerned, all specimens without axial loading exhibited a failure
mode characterized by fracture of the steel section after very significant
local buckling of the tube wall, with a clear influence on the global
behaviour of the specimen. Figs. 12 and 13 show the yield mechanism
and failure mode for monotonic and cyclic lateral loading, respectively.

Fig. 14 to Fig. 21 show the test results for all the circular specimens
tested in the campaign, where, in general, all members exhibited a
very ductile behaviour. It can be seen that strength degradation only
occurred for drift ratios higher than 4 to 5%. In the figures, the results
are presented as a function between the applied lateral force and
Fig. 14. Test results for CR-RuC15%-219-3-0% specimens.
the corresponding specimen's drift ratio, θ, obtained by dividing the
member's “real” top lateral displacement by the clear height of 1.35 m.

For themonotonic tests without axial load, it was found that, despite
the levels of columndrift close to θ=10%, loss of lateral force resistance
either did not occur or was insignificant. However, for the correspond-
ing cyclic test, the effect of considerable local buckling in the member's
plastic hinge region was responsible for the decrease of lateral resis-
tance for increasing levels of deformation. Across all cyclic test results,
it is clear at which stage during the test themember's local deformation
went from substantial local buckling to fracture, where a noteworthy
Fig. 16. Test results for CR-RuC15%-219-5-0% specimens.

Fig. 17. Test results for CR-RuC15%-219-5-15% specimens.
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Fig. 18. Test results for CR-RuC5%-219-5-0% specimens.

Fig. 19. Test results for CR-RuC5%-219-5-15% specimens.

Fig. 21. Test results for CR-StdC-219-5-15% specimens.
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loss of lateral force strength is found in the last few cycles, as well as a
somewhat irregular behaviour in some of the specimens.

Columns tested with axial loads showed similar behaviour, apart
from a significant member strength increase in comparison to the
corresponding test without axial load. The former observation can be
explained by the tensile cracking inhibition of the concrete that is
caused by the compressive axial force, thus enhancing its flexural resis-
tance, or even by some confinement effect of the concrete core not
present in a simple bending scenario without axial compression. Due
to the lower levels of drift applied, fracture was not observed for these
specimens.
Fig. 20. Test results for CR-StdC-219-5-0% specimens.
3.3. Influence of Steel-section Infill

In CFST members, the concrete core has the ability to significantly
improve the behaviour of themember, both in terms of overall strength
and ductility. In the test campaign, one circular C219 × 3 hollow steel
specimen was tested under monotonic lateral loading without an
applied axial force, in order to gauge the improvement in member be-
haviour induced by the section concrete infill. A member compatible
with test specimen CR-RuC15%-219-3-0%-M was used. Fig. 22 shows
the global force-deformation curve of both specimens, and Figs. 23
and 24 show the local deformation mode of the steel and CFST speci-
mens, respectively, at the final stage of the experiment. The results are
Fig. 22. Monotonic behaviour of steel and CFST specimens.

Fig. 23. Local buckling of steel specimen C219 × 3.
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Fig. 24. Local buckling of RuCFST specimen CR-RuC15%-219-3-0%-M.

Fig. 25. Monotonic test results of CR-219-5 for n = 0%.

Fig. 26.Monotonic test results of CR-219-5 for n = 15%.
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summarized in Table 10 where the values of specimen elastic stiffness,
K, maximum lateral force, Fmax, and the corresponding level of drift
ratio, θFmax

, are calculated and compared.
When analysing the deformed shape of the local bucklingmodes, no

significant differences in buckle amplitude can be identified.However, it
was clear during the tests that this maximum amplitude was reached
for higher levels of imposed top displacement in the case of the compos-
ite specimen. Interestingly, by examining the monotonic test curves, it
can be seen that in spite of the local buckling mechanisms developed
in both specimens, only in C219 × 3 this effect had a pronounced influ-
ence on the global behaviour of themember. Specimen C219 × 3 exhib-
ited significant strength degradation after reaching the maximum
lateral applied force, in comparison to that of CR-RuC15%-219-3-0%-M
for which load degradation was minimal. Furthermore, substantial
improvements in monotonic behaviour are evident due to composite
action, with an increase of 43% in the peak lateral force, 32% in the cor-
responding level of drift, and 89% in the elastic stiffness.

3.4. Influence of Concrete Type

In order to assess the influence of the concrete type on member
behaviour, some comparisons between equivalent test specimens are
now carried out. Since only one of the circular steel sections, C219 × 5,
was considered to have three types of concrete cores, the test results
obtained for this type of specimen will be used for the sake of compar-
ison. In the following paragraphs, this assessment is carried out in terms
of type of lateral loading, i.e. monotonic or cyclic, and for the different
axial load levels, n, considered in the test campaign.

3.4.1. Monotonic Loading
Regarding the specimens tested under monotonic lateral loading,

with and without axial load, it can be seen in Figs. 25 and 26 that the
column behaviour is not significantly affected by the concrete type.
Moreover, the comparisons between the members with standard con-
crete, StdC, and 5% rubberized concrete, RuC5%, show slight differences
only for the final stages of deformation, despite the 20% reduction of the
concrete strength, fc, from StdC to RuC5%. When comparing the test
specimens CR-StdC-219-5 and CR-RuC15%-219-5, the 60% decrease in
fc does not reflect in significant loss of lateral resistance. A summary of
specimen behaviour is presented in Table 11 where the values of max-
imum lateral force, Fmax, and the corresponding level of drift ratio,
θFmax

, are determined and compared with the results obtained for the
CR-StdC-219-5 specimen.
Table 10
Influence of steel section infill on specimen monotonic behaviour.

Specimen K [kN/m] K/KSteel Fm

C219 × 3 1793 – 33
CR-RuC15%-219-3-0%-M 3394 1.893 47
Table 11 demonstrates that the behavioural differences between
specimens are minimal. The reduction in maximum lateral force of
specimens with RuC5% ranges from 0.2 and 1.8%, and with RuC15%
from 5.3 to 7.7%, in spite of a corresponding reduction of 20% and 60%
of the concrete compressive strength. Therefore, it can be concluded
that the flexural behaviour of circular CFST columns subjected tomono-
tonic loading mostly depends on the properties of the steel tube, as
significantly different concrete cores have practically no influence on
the specimen's behaviour.
3.4.2. Cyclic Loading
The results for specimens tested under cyclic lateral loading with

both axial load levels, n, shows once again that the concrete type has
very limited influence column behaviour, which is in agreement with
the results obtained for monotonic tests, as shown in Figs. 27 and 28.
Furthermore, by comparing StdC with the remaining case study types,
no significant differences in specimen behaviour are found. Notwith-
standing the slight reductions of maximum lateral force, in line with
the results obtained for monotonic loading, the influence of aggregate
replacement ratio in member ductility proves to be marginal. As in
Section 3.4.1., a summary of specimen behaviour is presented in
Table 12, where the values of maximum lateral force, Fmax, and the
ax [kN] Fmax/Fmax, Steel θFmax
θFmax

/θFmax,Steel

.3 – 1.95% –

.8 1.434 5.38% 1.319
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Table 11
Influence of concrete type on the monotonic behaviour.

Specimen Fmax [kN] Fmax/Fmax,StdC |θFmax
| θFmax

/θFmax,StdC

CR-StdC-219-5-0%-M 96.5 – 9.01% –
CR-RuC5%-219-5-0%-M 94.8 0.982 8.39% 0.931
CR-RuC15%-219-5-0%-M 89.1 0.923 8.96% 0.995
CR-StdC-219-5-15%-M 105.3 – 3.66% –
CR-RuC5%-219-5-15%-M 105.6 1.002 3.18% 0.869
CR-RuC15%-219-5-15%-M 99.7 0.947 4.08% 1.115

Fig. 28. Cyclic test results of CR-219-5 for n=15%.
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corresponding level of drift ratio, θFmax
, are calculated and compared

with the reference CR-StdC-219-5 specimen.
The analysis of the results presented in Table 12 caters for conclu-

sions regarding some differences in the performance of the analysed
specimens. The decrease in maximum lateral force of RuC5% specimens
is close to 7%, and with RuC15% ranges from 4.4 to 11.5%, despite a
corresponding decrease of 20% and 60% of concrete strength. These
observations denote, and in line with the conclusions obtained from
the monotonic tests, a very minor influence of concrete infill type on
member behaviour. It is important to note that the same does not
occur for axial compression loading scenarios, in which concrete
strength has an important influence on the axial strength of CFSTmem-
bers. This difference can be explained by the mechanism of internal
forces that develops in the cross-section. Whilst in a CFST subjected to
simple compression the axial resistance of the cross-section results
from a contribution of the two materials (concrete and steel), propor-
tional to the area and compressive strength of each material, the same
does not occur for flexural imposed loading. With the development of
a plastic moment in the cross-section, the position of the neutral axis
is such that only a small portion of the concrete part effectively contrib-
utes to the flexural capacity (concrete strength in tension is minimal
and thus may be disregarded). Conversely, if local buckling does not
occur, the steel tube part is able to develop yield stresses in the whole
section. This difference between material contributions, in addition to
the significant difference between concrete and steel yield strength
Fig. 27. Cyclic test results of CR-219-5 for n=0%.
(usually with a ratio higher than 10), results in a value of flexural
strength of the member that is largely dominated by the contribution
of the steel tube.

3.5. Influence of Loading Type

The behaviour of structural members subjected to monotonic load-
ing may feature noticeable differences with respect to cyclic loading,
both in terms of strength and ductility hence a comparison is now
carried out in order to assess the influence of the loading type on the
member behaviour. Table 13 summarizes the peak lateral load mea-
sured during the experimental test, Fmax, as well as the corresponding
level of specimen drift ratio, θFmax

. The analysis of the obtained results
leads to the conclusion that influence of the nature of the applied lateral
load on specimen deformation capacity is relevant.

Regarding the specimens tested under simple bending, changes
in specimen strength were found, namely higher strengths on mono-
tonic tests in comparison to cyclic tests. This observation reflects the
development of local buckling at the base of the specimens, which
was significant in the cyclic tests and minimal in the specimens tested
monotonically. However, this observation changed in the case of the
specimens tested under combined bending with compression, where
the peak lateral load was higher for the cyclic tests with respect to the
monotonic counterpart. A possible explanation for this observation
may be found on material cyclic hardening. The presence of a constant
Table 12
Influence of concrete type on the cyclic behaviour.

Specimen |Fmax| [kN] Fmax/Fmax,StdC |θFmax
| θFmax

/θFmax,StdC

CR-StdC-219-5-0%-C 96.3 – 4.08% –
CR-RuC5%-219-5-0%-C 89.8 0.932 4.12% 1.010
CR-RuC15%-219-5-0%-C 85.2 0.885 4.70% 1.152
CR-StdC-219-5-15%-C 110.2 – 3.41% –
CR-RuC5%-219-5-15%-C 102.7 0.933 3.07% 0.900
CR-RuC15%-219-5-15%-C 105.3 0.956 4.36% 1.281
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Table 13
Influence of loading type on specimen's behaviour.

Specimen |Fmax| [kN] Fmax
M/Fmax

C |θFmax
| θFmax

M/θFmax

C

CR-RuC15%-219-3-0%-M 47.8
1.024

5.38%
2.099

CR-RuC15%-219-3-0%-C 46.7 2.56%
CR-StdC-219-5-0%-M 97.7

1.015
9.01%

2.210
CR-StdC-219-5-0%-C 96.3 4.08%
CR-RuC5%-219-5-0%-M 95.4

1.064
8.39%

2.038
CR-RuC5%-219-5-0%-C 89.7 4.12%
CR-RuC15%-219-5-0%-M 90.7

1.065
8.96%

1.908
CR-RuC15%-219-5-0%-C 85.2 4.70%
CR-RuC15%-219-3-15%-M 54.8

0.822
4.26%

0.936
CR-RuC15%-219-3-15%-C 66.7 4.55%
CR-StdC-219-5-15%-M 105.3

0.956
3.66%

1.073
CR-StdC-219-5-15%-C 110.2 3.41%
CR-RuC5%-219-5-15%-M 105.6

1.028
3.18%

1.036
CR-RuC5%-219-5-15%-C 102.7 3.07%
CR-RuC15%-219-5-15%-M 99.7

0.947
4.08%

0.934
CR-RuC15%-219-5-15%-C 105.3 4.36%

Fig. 30.Monotonic test results of CR-RuC15%-219 for n = 15%.
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axial load applied to the member results in earlier yielding of the spec-
imen hence on the development of larger levels of strains in the steel
fibres in compression for a given imposed deformation to the specimen,
differently from a simple bending case. This justification is not verified
for specimen CR-RuC5%-219-5, where the peak lateral force is higher
for the monotonic loading type. Such exception may be due to the
positioning of the specimen longitudinal weld, resulting from the
manufacturing process, as well as the high variability of the test tube
thickness.

Regarding the level of specimen drift ratio corresponding to the peak
lateral force, θFmax

, the results for simple bending show an important
decrease going from monotonic to cyclic tests, as the value of drift
corresponding to the peak load is, on average, halved. This can also be
explained by a greater presence of local buckling of the steel tube on
the specimens subjected to cyclic loading. Yet, when combined with
axial compression, θFmax

variations are minimal, mainly due to the test
being conditioned to lower values of lateral displacement than for sim-
ple bending,meaning that themonotonic testmaynot have reached the
peak specimen capacity.
3.6. Influence of Cross-section Slenderness

In order to evaluate the influence of CFST cross-section slenderness
on member behaviour, a number of comparisons between test speci-
mens can be made. To that regard, only specimens of steel sections
C219× 3 and C219× 5,with infill RuC15%, have comparable test results.
In the following, this assessment is carried out to for the two types of
lateral loading and the different normalized axial load levels n of the
test campaign.
Fig. 29. Monotonic test results of CR-RuC15%-219 for n = 0%.
3.6.1. Monotonic Loading
Concerning the monotonically loaded specimens, regardless of

the axial load level, test results show some influence of cross-section
slenderness on the member's overall behaviour, as shown in Figs. 29
and 30. The lower value of d/t, corresponding to C219 × 5 specimens,
leads to a relative improvement of the ductility of the member. How-
ever, for each level of normalized axial load, both specimens exhibited
similar ductility. Taking into consideration the d/t limit of Eurocode 4
for circular CFSTs and the comparison shown in Table 7, it is possible
to conclude that the specimens exhibited a good behaviour, even
though they did not respect the cross-section slenderness limit defined
in the European code.

3.6.2. Cyclic Loading
The influence of the cross-section slenderness on the cyclic

behaviour of the specimens is shown in Figs. 31 and 32. For the simple
bending cases, despite the asymmetry of the force-deformation curve
of the slender specimen, the hysteretic behaviour of both specimens
was similar for what concerns pinching and degradation effects. It is
worth noting that a stable behaviourwas observed up to levels of lateral
drift ratio of about 7%. Concerning the specimens subjected to combined
compression with bending, the test results indicate the presence of
pinching effects for the specimen with slender cross-section (C219 × 3
tube), whilst no pinching was observed for the more compact member.
Strength degradationwasminimal for the range of drift ratios (up to 4%)
imposed during the tests.

The results presented above clearly demonstrate that the influence
of cross-section slenderness is not as significant as one could infer
from the d/t limits prescribed in Eurocode 8 (Table 8) where the slen-
derness limits that distinguish between high and moderate ductile
members are very close. As showed in Table 8, the members under
investigation are classified with very different ductility properties
Fig. 31. Cyclic test results of CR-RuC15%-219 for n = 0%.

Image of Fig. 29
Image of Fig. 30
Image of Fig. 31


Fig. 32. Cyclic test results of CR-RuC15%-219 for n = 15%.

Table 14
Parameter η for the calculation of plastic resistance to axial force.

e/d = 0 0 b e/d ≤ 0.1 e/d N 0.1

ηa ¼ ηao ¼ 0:25ð3þ 2λÞ≤1:0 ηa=ηao+(1−ηao)(10e/d) ηa = 0

ηc ¼ ηco ¼ 4:9−18:5λþ 17λ
2
≥0 ηc=ηco(1−10e/d) ηc = 0
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however, taking into consideration the experimental results obtained,
the differences in ductility observedwere not significant. It is important
to note that, although the columns with steel tube C219 × 3 exceed the
d/t requirements of Eurocode 8, when the real yield strength of the
tubes is taken into account, the specimens exhibited a good hysteretic
behaviour up to significant levels of lateral deformation. These observa-
tions clearly point towards a possible relaxation of the cross-section
slenderness limits defined in Eurocode 8.
4. Design Comparisons

4.1. Design Calculation Procedure of Eurocode 4

According to Eurocode 4 (EC4), the cross-sectional resistance of a
composite column under uniaxial bending, M, with or without axial
compression, N, can be determined from an interaction curve N−M,
as illustrated in Fig. 33. The points defining this curve can be determined
by considering different plastic neutral axis positions in the principal
bending plane under consideration. By assigning plastic stress blocks,
together with the two equations of equilibrium, the combined values
of moment and axial resistances are obtained. EC4 defines a methodol-
ogy for the calculation of a simplified interaction curve AECDB (Fig. 33).

For CFST members with circular hollow sections (CHS), the plastic
axial resistance, Npl ,Rd, may take into account the confinement effect,
provided that λ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Npl;Rk=Ncr
p

b0:5, where λ is the normalized slender-
ness, and e/d b 0.1, where e is the eccentricity of loading given by MEd/
NEd and d is the column's external diameter. For CFST members,
Npl ,Rk=Aafyk+Acfck, where Aa and Ac are the cross-section areas of the
steel tube and concrete core, respectively, and fyk and fck denote the
characteristic values of the steel yield strength and concrete compres-
sive strength, respectively.
Fig. 33. Interaction curveN−Mwith EC4 linear approximation (adapted from Eurocode 4).
Axial resistance, Npl ,Rd, is determined as Npl;Rd ¼ ηaAa f yd þ ð1þ
ηc

t
d

f y
f ck
ÞAc f cd, where the steel tube and the concrete core yield strengths

are calculatedwith the respective partial safety factors, and their contri-
butions are affected by the parameter η, which depends on the confine-
ment conditions described in the previous paragraph and summarized
in Table 14. One can easily conclude that no confinement effect can be
accounted for in the case of bending without axial compression, as the
ratio e/d is infinite hence higher than 0.1.

For CFST columns, the point C of the interaction is given byNpm,Rd=
Acfcd. In the case of the bendingmoment coordinate,Mpl ,Rd, the height of
the neutral axis hnmust be determined, assuming a totally plastic stress
block distribution and no contribution from the concrete in tension,
with cross-sectional static equilibrium. As points B and C are associated
to the same value of bendingmoment, the procedure for the calculation
of Mpl ,Rd for circular columns in point B of the simplified interaction
curve, i.e. without an applied axial force, is shown in the following,
adopting the terminology shown in Fig. 34.

For circular CFSTs, the calculation of hn follows Eq.(4.1), which sim-
ply establishes the equilibriumof forces at the cross-section. The second
equilibrium equation, i.e. of zero bendingmoment sum, is used to calcu-
late Mpl ,Rd and follows Eq. (4.6). Variables dcc, dac, dat,i and dat,ii are the
vertical distances from the horizontal symmetry axis to the respective
centroid of each cross-section element in Fig. 34. It is important to
note that this calculation procedure assumes a plastic stress distribu-
tion, which is only applicable to behaviour scenarios in which there
is no development of local buckling of the steel tube walls. As such,
the expressions are not valid for very slender CSFTs, given their poten-
tial for the development of relevant local buckling effects. Taking into
consideration that Eurocode 4 specifies a limit value of d/t (90 × 235/fy)
so that local buckling effects may be neglected, the application of the
following expressions for members that violate this cross-section slen-
derness limit should be made with caution or, eventually, using a dif-
ferent procedure which will not be focus of discussion in this paper.
Nevertheless, as already mentioned before, it is important to note that
the slenderness limit defined in the European code is independent of
the type of internal forces and hence may be conservative for members
subjected mainly to bending conditions.

Aac f yd þ Acc f cd−Aat ;i f yd−Aat ;ii f yd ¼ 0→ hn ð4:1Þ

where:

Acc ¼ 0:5 d−2tð Þð Þ2
2

� 2 cos−1 hn
0:5 d−2tð Þ

� �
− sin 2 cos−1 hn

0:5ðd−2t

� �� �� �
ð4:2Þ

Acc ¼ 0:5dð Þ2
2

� 2 cos−1 hn
0:5d

� �
− sin 2 cos−1 hn

0:5d

� �� �� �
−Acc ð4:3Þ

Aat;ii ¼
π d2− d−2tð Þ2
� �

8
ð4:4Þ

Aat;i ¼ Aii
at−Aac ð4:5Þ
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Table 15
Comparisons of member bending capacity.

Specimen Fu
TEST [kN] Mu

TEST [kNm] MR
EC4 [kNm] MR

EC4/Mu
TEST

CR-RuC15%-219-3-0%-M 47.8 64.5 48.7 0.75
CR-RuC15%-219-3-15%-M 54.8 74.0 53.8 0.73
CR-RuC15%-219-5-0%-M 89.1 120.2 93.9 0.78
CR-RuC15%-219-5-15%-M 99.7 134.6 98.3 0.73
CR-RuC5%-219-5-0%-M 94.8 127.9 99.0 0.77
CR-RuC5%-219-5-15%-M 103.1 139.1 106.9 0.77
CR-StdC-219-5-0%-M 96.5 130.3 101.6 0.78
CR-StdC-219-5-15%-M 105.3 142.2 111.4 0.78

μ 0.76
σ 0.023

Fig. 34. Circular CFST Mpl,Rd calculation procedure.
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Mpl;Rd ¼ Aac f yddac þ Acc f cddcc−Aat;i f yddat;i þ Aat ;ii f yddat;ii ð4:6Þ

where:

dcc ¼
2� d−2tð Þ sin3 cos−1 hn

0:5 d−2tð Þ
� �� �

3� 2 cos−1 hn
0:5 d−2tð Þ

� �
− sin 2 cos−1 hn

0:5 d−2tð Þ
� �� �� � ð4:7Þ

dac ¼

Aac þ Accð Þ
2d� sin3 cos−1 hn

0:5d

� �� �

3 2cos−1 hn
0:5d

� �
− sin 2cos−1 hn

0:5d

� �� �� �−Accdcc

Aac
ð4:8Þ

dat;ii

d3− d−2tð Þ3
12
Aac;ii

ð4:9Þ

dat;i ¼
Aat;iidat;ii−Aacdac

Aat;i
: ð4:10Þ

Finally, the value ofMmax,Rd, corresponding to point D of the interac-
tion curve is given by Eq. (4.11), where Wpla and Wplc are the plastic
section modulus of the steel tube and concrete core, respectively.

Mmax;Rd ¼ Wpla f yd þ 0:5Wplc f cd: ð4:11Þ

4.2. Results and Discussion

Taking into account the aforementioned procedures for the calcula-
tion of the bending capacity of circular CFST members, it is possible to
assess the accuracy of EC4 in predicting the strength of the composite
specimens that were tested in the experimental campaign. These com-
parisons can only be achieved for the monotonic test results, as no
consideration is given in the code to behavioural differences in cyclic
loading. Moreover, given that only two levels of axial loading were
considered, n = 0 and n = 15%, only two points of the interaction
curve can be used for comparison, one of them being point B (Fig. 33)
in the case of simple bending.

The evaluation of Eurocode 4 provisions should be made by com-
paring the design bending moment with the corresponding value
from the test. However, this procedure proved to be difficult to imple-
ment, given the complexity associated with the estimation of the yield
momentmeasured from the experimental tests. Therefore, the following
evaluation is shown as the comparison between the obtainedmaximum
bending moment in the test, Mu

TEST, given by the multiplication of
the maximum applied lateral force, FuTEST, by the effective specimen
length of 1.35 m, and the corresponding value calculated with the
code,MR
EC4, using the yield steel strength, fy, defined in Table 6. Regarding

the concrete compressive strength, fc, the material properties defined in
Section 2.2.3 were used. No material partial safety factors were
employed in the application of Eurocode 4. Table 15 summarizes the
aforementioned design accuracy assessment. Despite exceeding the d/t
limit of Eurocode 4, the flexural capacity of both CR-219-3 specimens
was evaluated using the calculation procedure presented in Section 4.1
of this paper.

The analysis of the results presented in Table 15 reveals that
Eurocode 4 is conservative in predicting the bending capacity of both
CFST and RuCFST specimens, in agreement with previous conclusions
by other authors, as already stated in the introduction of this paper. It
is important to note that, not only does the code lead to conservative
predictions for both CR-219-3 specimens, but also that the ratio
between the capacity estimatedwith Eurocode 4 and the actual capacity
measured in the tests is similar for all members, including those that
violate the cross-section slenderness limit specified in Eurocode 4.
This indicates that, although the code may imply that local buckling
effects may be relevant for these two specimens, the influence of this
effects on the flexural capacity proves to be insignificant. This observa-
tion supports a possible relaxation in the future of the cross-section
slenderness limits defined in Eurocode 4, eventually through consider-
ing a dependence of the slenderness limit as a function of the type of
internal forces.

The average difference between the code and the experimental
results is around 24%. The confinement effect of the concrete core is
only relevant in the case of member compression loading hence its
use according to the code is only allowed for values of e/d ≤ 0.1. Consid-
ering that the concrete core is fully compressed only in compression
loading one can disregard this concrete behavioural enhancement
as the main reason behind the presented conservative differences.
However, numerical analysis indicates that the multiaxial stress state
developing in the steel tube may contribute to an overall increase of
the strength of the member. Additionally, the hardening properties of
the steelmay also have an important contribution to the reporteddiffer-
ences, since, in accordance to the European standard, the yield stress
of the steel was used. If the ultimate steel stress was used, the average
difference would reduce to 9%. Finally, the high variability of the real
steel tube thickness, reported in Section 2.2.1, can also play an impor-
tant role in these conclusions, particularly in the case of monotonic
tests, where cross-section asymmetry can amplify themember bending
capacity in comparison to a specimen with an average thickness, if the
right alignment conditions are met.

All things considered, one can conclude that the applicability of
Eurocode 4 to the design of RuCFSTmembers is valid. Despite the differ-
ences in the mechanical properties of the concrete core materials, the
design assumptions of the code in the context of this type of columns
seem to be solid.

5. Conclusions

In this paper, an experimental assessment of the flexural behaviour
of a considerable number of specimens of rubberized concrete filled
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circular steel tube members was achieved. The following conclusions
can be drawn:

• The newly developed box testing mechanism performed very well
throughout the test campaign, proving to be a noteworthy alternative
to the traditional test setup;

• Infilling the steel tube with concrete not only improves the bending
capacity of the member, but also significantly enhances its ductility;

• Circular CFST and RuCFST test specimens exhibited a very ductile
behaviour, both under monotonic and cyclic loading;

• No significant loss of bending capacitywas observed in themonotonic
tests. In the cyclic tests, some load degradation was detected due to
pronounced local buckling developing on the specimens;

• Specimens tested in simple bending and with cyclic lateral loading
showed failure of the steel tube due to very prominent local buckling
in the specimen's base;

• The concrete type has not a relevant influence on specimen
behaviour;

• Loading type effect in simple bending tests shows an influence
of more pronounced base local buckling in cyclic loading, as
the observed peak lateral load is lower than in the monotonic
counterpart;

• Based on the limited number of test results, it was found that
cross-section slenderness ratio does not greatly influence both
the monotonic and cyclic behaviour of the specimens, considering
the d/t values of 73.0 (C219 × 3) and 43.8 (C219 × 5) involved
in this study. Although this reflects the considerable ductility of
circular CFST members in comparison with other cross-section
types, additional monotonic and cyclic tests on CFST members,
considering a wider range of d/t and axial load values, should be
carried out in order to further validate this conclusion;

• Eurocode 4 is conservative in predicting the bending capacity of
the test specimens, yielding on average values of capacity 24%
below those measured in the tests. Nonetheless, the differences
observed were consistent throughout all the specimens analysed
in the study, proving therefore the applicability of the European
code to RuCFST members;

• The test results obtained in this research study indicate that the
cross-section slenderness limits defined in Eurocode 4 and 8
could be relaxed. This modification could follow the concepts of
Eurocode 3 for the classification of non-circular sections, where
the plate slenderness limits are dependent on the distribution of
normal stresses within the cross-section, i.e., they are dependent
on the type of internal forces applied to the cross-section.
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