Steel and Composite Structures, Vol. 31, No. 2 (2019) 201-216
DOI: https://doi.org/10.12989/scs.2019.31.2.201

Local buckling of rectangular steel tubes filled with concrete
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Abstract. This scientific paper provides a theoretical, numerical and experimental analysis of local stability of axially
compressed columns made of thin-walled rectangular concrete-filled steel tubes (CFSTs), with the consideration of initial
geometric imperfections. The work presented introduces the theory of elastic critical stresses in local buckling of rectangular
wall members under uniform compression. Moreover, a numerical calculation method for the determination of the critical stress
coefficient is presented, using a differential equation for a slender wall with a variety of boundary conditions. For comparison of
the results of the numerical analysis with those collected by experiments, a new model is created to study the behaviour of the
composite members in question by means of the ABAQUS computational-graphical software whose principles are based on the
finite element method (FEM). In modelling the analysed members, the actual boundary and loading conditions and real material
properties are taken into account, obtained from the experiments and material tests on these members. Finally, the results of
experiments on such members are analysed and then compared with the numerical values. In conclusion, several
recommendations for the design of axially compressed composite columns made of rectangular concrete-filled thin-walled steel

201

tubes are suggested as a result of this comparison.
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1. Introduction

The application of progressive load-bearing elements in
both buildings and civil engineering constructions has
become necessary due to cost-saving reasons. Composite
structures made by the effective combination of two
materials, such as steel and concrete, are undoubtedly
regarded as progressive ones, while composite columns; in
particular, constitute a significant structural element in these
constructions. They are widely used in the construction of
tall buildings and bridges as structural elements under
compression, with relatively low bending moments. One of
the chief representatives of such structures is the rectangular
concrete-filled steel tube. This structural member has a
number of advantages to the hollow steel tube, as was
demonstrated by Kanishchev (2016); however, probably the
most significant one, from the static point of view, is its
resistance against the loss of local and global stability,
which allows the reduction in the dimensions of the section.

Nowadays, there are enough publications pertaining to
the research into the behaviour of composite columns.
Sakino et al. (2004) explored short axially compressed
CFSTs with compact steel sections. Storozhenko et al.
(2014) carried out experiments on high-strength CFST
columns subjected to an eccentric load. Ellobody and Young
(2006), in their research study, introduced a sufficiently
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accurate non-linear behavioural model (using the FEM
analysis), describing the behaviour of centrically
compressed circular and rectangular composite columns.
Such authors as Liu et al. (2003), Lee (2007) and Mouli and
Khelafi (2007), Uy (2008), Huang et al. (2008), Aslani et
al. (2015, 2016) investigated the axial load capacity,
ultimate strength, stability and ductility characteristics of
rectangular concrete-filled columns using high-strength
steels and concrete under axial compression. Experimental
tests, which were conducted by Chen ef al. (2018), showed
the influence of a on the residual bond-slip behavior of high
strength concrete-filled square steel tube after elevated
temperatures. Patel et al. (2012) proposed a multiscale
numerical model for simulating the interaction of local and
global buckling behaviour of eccentrically loaded high-
strength rectangular CFST slender beam-columns with large
depth-to-thickness ratios. Yang and Han (2009) presented
research work aimed to experimentally investigate the
behaviour of rectangular concrete-filled steel tubular stub
columns loaded axially on a partially stressed cross-
sectional area. Ding et al. (2014, 2017), for example,
studied the mechanical performance of stirrup-confined
concrete-filled steel tubular stub columns under axial
loading. Experimental tests, which were conducted by Lin
et al. (2018) and Zhao et al. (2018) on circular columns,
showed that the loading paths of confined concrete in CFT
column are affected by the column parameters (steel
strength, the unconfined concrete strength and the D/t ratio).

Lu et al. (2015), Kanishchev and Kvocak (2015a) stated
that a high number of standards and regulations exist for the
design of the elements mentioned above; for example,
Eurocode 4 is applied to the design of composite structures
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made of rectangular concrete-filled steel tubes in Europe.

The fundamental disadvantage of this standard is the
restriction of its application only to compact steel sections.
If materials in the design of such structures are to be
employed cost-effectively, there is an urgent need to
investigate Class 4 hollow steel sections (compliant with
Eurocode 3) filled with concrete, which are classified
outside the applicability of Eurocode 4 and, as mentioned
above, have not yet been adequately researched.

2. Stability of rectangular walls under
compression

Some fundamental principles for the design of thin-
walled sections (those that can be categorised as Class 4
according to EN 1993-1-1) were laid down by Prof. Bryan
(Bryan 1891), who established procedures for the analysis
of elastic critical stresses in local buckling of long
rectangular wall members with simple (hinged) supports of
all their edges under uniform compression. Prof.
Timoshenko et al. (Timoshenko and Woinowsky-Krieger
1959, Timoshenko 1971) continued in the development of
this theory in his works and introduced differential
equations for a slender wall (see Figs. 1(a)-(b)).

Based on Kirchhoff’s theory, when internal forces exist
in the wall, the resulting forces and moments in a unit wall
element can be obtained. The curvature of its surface is
given by
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where w is the deflection of slender walls.
The bending moments M, M, and the torsional moment
T are

M, =—-C(k+vky), M,=Clk,+vk), T=-C(l-v)k (2)

The stiffness of the wall C is
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where E is the modulus of elasticity of the steel; ¢ is the wall

z
P2 NZ
U X
P: 0
2
. N1 Pi+dPs N1+dN:
P2+dP2
T Ua+dU:
Ui+dU:
y
Nz+dN:
P

(a) Resultant forces in a unit wall element

thickness; v is the Poisson’s ratio.
Providing that the condition of equilibrium is satisfied in
this structural member (see Figs. 1(a)-(b)), it holds that
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2.1 Stability of walls with peripherally pinned
(hinged) ends

If the wall is subjected to an axial compressive force N
< N, its shape is in-plane. For N = N,, the shape of the
wall may stay in-plane or move out-of-plane and become
concave. If the force N 1is further increased, the wall
becomes more concave; however, if the force N differs from
N,, very slightly, the concave shape of the wall (or its out-
of-plane displacement) in the equilibrium state is very much
that of the in-plane one. That means that the values of &y, &,
ks, P1, P, are so small that they can be neglected.

The condition U, = N,= 0 can be applied to the system
of Egs. (4)-(8). When N, = —N, the Egs. (6)-(8) can be
employed to produce a differential equation for a slender
wall with peripherally hinged (pinned) ends
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where N is the compression force.

A particular solution for this differential Eq. (9),
representing the equilibrium of forces in one of the possible
buckling modes of the wall is
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(b) Resultant bending moments in a unit wall element

Fig. 1 Mathematical model of a slender wall
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mmx . Ny

w=A4sin sinT (10)

a

where m and n is the half-waves of sinusoid in the direction
of axis x and y.

This solutions satisfies the boundary conditions (see
Figs. 1(a)-(b)) forx =0 and x =a — w =0, and M, =0, and
fory=0and y=b — w =0 and M,= 0, while putting N, =
—N, U1 = U2:N2:0.

If Eq. (10) is substituted into the Eq. (9)
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It is necessary to identify such a mode of buckling of the
wall out of all its possible modes in the state of equilibrium
of forces in its section that the value of force N is minimal.
Therefore, the right side of the Eq. (11) must be as small as
possible. This obviously happens when n = 1. The value of
m is, according to Timoshenko (1971), expressed by the Eq.
(12). It can be assumed from the following equation that the
ultimate length @ at which the plate achieves its first
buckling mode consists of m half-waves
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Fig. 2 Correlation between the critical stress coefficient and
the length-to-width ratio of the column wall with
various numbers of half-waves along its length
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(a) The loading diagram and column section

a=bym(m+1) (12)

Considering that N/(t.b) = o, the formula (11) can be
rewritten with n = 1, and the cylindrical stiffness of the wall
can be expressed as

252
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Compliant with EN 1993-1-5, the Eq. (13) is the value
of the elastic critical stress in the wall

2 2
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Fig. 2 Correlation between the critical stress coefficient
and the length-to-width ratio of the column wall with
various numbers of half-waves along its length

Consequently, the critical stress coefficient £, is given as
follows (Fig. 2)

2
k, :(mﬂriﬁj (15)

This critical stress coefficient can be used for buckling
in steel section walls of a rectangular tube (Fig. 3) as the
corners of the tube section may rotate due to its peripherally
hinged ends.

2.2 Stability of walls with longitudinally fixed ends

If a steel tube is filled with concrete (Fig. 4), the
concrete core serves as a composite member, preventing the
rotation of the steel section corners, and the boundary
conditions for the wall supports in the longitudinal direction
change to nearly fixed ends. This change in the boundary
conditions (from those with hinged ends to these with fixed
ones along the unloaded longitudinal sides of the wall)
requires another particular solution for the differential Eq.
(9) that by Timoshenko’s theory (1971) will be as follows

(b) The column section with the locally buckled walls

Fig. 3 A rectangular steel tube
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(a) The loading diagram and column section

Concrete core y

[ B

t

B B

Local buckling of the steel tube

(b) The column section with the locally buckled steel shell

Fig. 4 A concrete-filled rectangular steel tube

Table 1 Correlation between the critical stress coefficient
and the length-to-width ratio of a wall for m = 1

a/b 0.4 0.5 0.6 0.7 0.8 0.9 1.0
ks 944 769 7.05 7.00 729 783 7.69

minx

w= Asin (Cle“y +Cye”® + C5 cos fy+ Cy sin ,B) (16)

a

This particular solution (16) fulfils the boundary
conditions on the transverse sides of the wall (Fig. 1) for x =
0 and x = @ and on the longitudinal sides for y =0 and y = b
— w=0, and Ow/0y= 0.

Having regarded the above mentioned boundary
conditions, a transcendental Eq. (16) is obtained, and its
solution provides the critical stress coefficient for various
length-to-width ratios of a slender wall (Table 1).

3. Experiments on the analysed members

Based on the analysis presented above, steel sections
RHS 200/100/3 made of Class S235 steel (Eurocode 3) and
manufactured according to EN 10219-1(-2) were selected
for the investigation of the local stability of CFSTs. Even
though the sections employed were cold-formed and can be
categorised as thin-walled members, the EN 1993-1-3
standard cannot be applied; instead, there is a stipulation
that the EN 1993-1-1 standard must be applied. The
concrete core in the composite members being analysed was
made of Class C25/30 concrete (according to Eurocode 2).
It can be stated that the presented section was selected in
such a manner so as to fall outside the applicability of EN
1994-1-1 for its verification.

3.1 Material properties

A methodology and relevant procedures for the
determination of material properties were based on the
assessment of experimental results by reference to EN
1990. In principle, the adopted method involved using
statistic methods for the assessment of the characteristic or

design value of an independent property by introducing the
corresponding quantile, while not only accounting for the
variability of the results but also the number of experiments.

3.1.1 Material properties of the used steel

In order to specify the material properties of the steel
used in experimental members, a tensile test was carried
out. Thin-walled rectangular profiles, supplied by the
selected manufacturer, were cut to produce elements for
tensile test compliant with EN 10219-2. These were
subsequently used for manufacturing 15 steel specimens to
undergo the tensile test and tested according to the ISO
6892-1 standard requirements (see Fig. 5(a)). The resulting
(average) “‘stress-strain” diagram that was used for the
modelling of the members under observation is shown in
Fig. 6. The results of the tensile test as well as the failure
mode of the specimens are given in Table 2 and Fig. 5(b).

(b) Specimens after the tensile test

(a) The testing machine

Fig. 5 A material test of the used steel
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Fig. 6 The resulting o-¢ diagram of the used steel
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Table 2 Results of a tensile test on the used steel

f{) 5 f E va,k, [MPa] fu,k, [MPa]
Yoo, wm, according to according to
[MPa]  [MPa] [GPA] EN 1990 EN 1990

374.67 426.07 198.78 305.73 347.67

Table 3 Results of a material test of the used concrete

Compressive strength

of concrete Bending Secant Density
Da - tensile modulus of
Y Cylinder Cube strength elasticity [k )Zn}]
fo  faawe  fq, [MPa] Ep, [GPa] ©
[MPa] [MPa]
28 21.43 27.94 3.47 26.47 2269.52
150  25.83 33.53 4.07 28.50 2242.02
30 o ™
25 ff Ku
o 20 /
A4
O | / Compression
™ f Tension T
4 55*:“ 0.5 115 2|5 35
E, %o

Fig. 7 The resulting o-¢ diagram of the used concrete

3.1.2 Material properties of the used steel

For the research in question, ready-mix concrete
delivered fresh from the nearby mixing plant was used,
C25/30 according to EN 206-1. The results of a material
test of the used concrete are provided in Table 3 above.

All concrete specimens used in the material test
mentioned above were designed, prepared and tested in
compliance with the requirements provided in EN 12390-
1(2). Mean values obtained from the experiments are listed
in Table 3. Besides the values for the concrete at 28 days,
values at the moment of the beginning of experiments on
the analysed members were detected so that the current
state of material properties of the concrete could be
monitored. The resulting “stress-strain” diagram (Fig. 7)
used for the modelling of these members in Section 4 could
be drawn based on additional experimental measurements
on prismatic specimens using strain gauges and inductive
sensors to measure deformations (strain).

3.2 Material properties

Three types of short specimens without welded head
plates and three types of short specimens with welded head
plates were designed for the experimental purposes, each
type 220/120/6 mm in size (Fig. 8). The total number of
specimens was eighteen: six specimens of the first type of a
hollow tube, six specimens of the second type of a concrete-
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Fig. 8 Types of specimens for experimental research

filled tube, and six specimens of the third type of a
concrete-filled tube loaded with a force applied on the steel
section of the tube. Each specimen was milled out so that its
end or head was level.

3.3 Experiments

Hollow experimental specimens without head plates
were designated as ST-1, ST-2, and ST-3; those with head
plates STp-1, STp-2, and STp-3. The specimens with
concrete cores but without head plates were designated as
CFST-1, CFST-2, and CFST-3; and those with both concrete
fill and head plates as CFSTp-1, CFSTp-2, and CFSTp-3.
The specimens with concrete cores, without head plates,
and their steel elements of the composite sections acting in
compression were designated as CFSTst-1, CFSTst-2,
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Fig. 9 A grid on the members being analysed
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(b) Measurement of the width of walls in the short specimens

Fig. 10 Preparation of experiments
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Fig. 11 Geometric imperfections of the wide walls of
specimen ST-1

CFSTst-3, and finally, the identical ones with head plates as
CFSTstp-1, CFSTstp-2, and CFSTstp-3.

For better clarity, easier identification of deformations
and measurement of geometric imperfections, a grid was
placed across each side of the composite member (see Figs.
9(a)-(c)). The geometric imperfections in the specimens
were measured using an inductive sensor fastened in each
point of intersection in the grid (Fig. 10(a)). The results of
the measurements of imperfections of the one specimen
from each type specimens are shown on Figs. 11-16. The
basic geometry (thickness and lengths) of the investigated
specimens of RHS 200x100x3 sections are shown in Table
4.

Load on the columns was exerted through a hinge in the
upper part of the specimen. The hinge was created using a
spherical component that was placed between the bearing
plate at one end of the specimen and an M150 bolt that was

wallA
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2328
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#1318
50.81.3
u0.3-08
0203

mm
=1823
51318
=0.8-13
=03-08

=.0203

Fig. 12 Geometric imperfections of the wide walls of
specimen STp-1d

Fig. 13 Geometric imperfections of the wide walls of
specimen CFST-1
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Fig. 16 Geometric imperfections of the wide walls of specimen CFSTstp-1
Table 4 Geometry of the short specimens driven into the loading gauge of the hydraulic press. The
Specimen Aver. thickness of Aver. length of beagpg ptll?te WaS‘demgne.d anlgl ioqstructgd Sto as to allgfv
p the wall, [mm] the column, [mm] centring the specimen using bolts in order to ensure the
centric application of a compressive force.
ST-1 2.75 599
ST-2 2.75 600
ST-3 277 600 . waz wie e
STp-1 2.78 611 ll—! I-—I! !—L !L-
. o & W 5 0 O B " 4 RT™BW 0 & |
STp-2 2.78 613
L w T I | TH
STp-3 277 612 - -
CFST-1 2.80 601 - =
CFST-2 2.79 600 ﬂ‘ = =
CFST-3 2.78 598 - | L =
CFSTp-1 2.79 612 g8 .ﬂ}" . el I A
@ @
CFSTp-2 2.76 612 q i ™=
CFSTp-3 2.77 613 J 'm
CFSTst-1 276 598 - -
CFSTst-2 2.78 601 ol L o |l
CFSTst-3 2.80 600 - -
CFSTstp-1 2.79 612 ) vl —
CFSTstp-2 2.78 613 . . . .
P Fig. 17 Arrangement of strain gauges and inductive sensors
CFSTstp-3 2.80 612

on the experimental specimens
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Table 6 Material properties of the steel in the FEM

modelling
fes Jy02m, Sum> E, Density y,  Poisson's
[MPa] [MPa] [MPa] [GPA] [kg/m’] ratio v
236.57 374.67 426.07 198.78 7850 0.3

Deformations in the specimens were measured along the
height of the wide sides of the analysed specimens by
means of inductive sensors positioned in the mid-width of
the wall. Stresses in the specimens in the longitudinal
direction of the walls were measured using unidirectional
strain gauges, bonded to the members as can be seen from
Fig. 17. Loading steps were 20 kN, 50 kN and 25 kN for
hollow tubes, concrete-filled tubes, and tubes partially filled
with concrete, respectively. The amount of load decreased
before the ultimate limit state was reached. In the course of
application of the force into the specimens, the loading
force was reduced twice to 5 kN, which was when
approximately 25% and 50% of the assumed resistance was
reached. The experimental results for the short specimens
are given in Section 5.

4. Finite element method (FEM) modelling of the
analysed members

Research work included the creation of a numerical
behavioural simulation model for the short columns listed in
the previous section, using the ABAQUS 6.13-4
computational-graphical software. The account was taken
of the initial geometric imperfections in the modelling,
which had been imported to ABAQUS by means of the
CATIA V5-6 R2016 graphical software. The ABAQUS
(SIMULIA 2013) library of structural elements was used,
while the steel shell forming the composite section was
created from the S4R-shell type of elements, and the
concrete core from the solid C3D8R types, with the
maximum size of finite elements of 15 mm (Figs. 20(a)-(c))
and the numbers of the elements given in Table 5. Loading
of the columns was modelled according to the real course of
loading during the experiments (Section 3): a uniformly
applied short-term load through the plate of the hydraulic
press until the ultimate limit state (ULS) was reached with
double unloading at the stages with 25% and 50% of the
ULS maximum. The load was applied to the composite
columns by two possible modes: (a) concurrently to the
rectangular steel tubular wall and the concrete fill (in CFST
and CFSTp specimens); (b) only to the rectangular steel
tubular wall (in CFSTst and CFSTstp specimens). The FEM
computational analysis used “implicit” operations with a
quasi-static application.

4.1 Material properties of the steel and concrete of
the composite section in the FEM modelling

Material properties of the steel in the FEM modelling
were taken from the material tests carried out on the real
steel specimen (cf. Section 3.1.1), and they are shown
in Table 6. The behaviour of the steel was simulated in

450 — -

400 7 L T —
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300 | ——
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Fig. 18 Plastic region of the o-¢ diagram in modelling the

steel using ABAQUS

accordance with the real resulting o-¢ diagram (Fig. 6),
following the equations according to SIMULIA (2013) and
describing the steel behaviour in the plastic region of the
diagram after the limit of proportionality was reached (Fig.
18)

Gtrue = O-n()m(l + gm)m) (17)
O
&l =1n(1+snom)——’g‘e (18)

In modelling the concrete core of the composite section,
the results of the material tests on the real concrete were
used (cf. Section 3.1.2), which are given in Table 7. The
behaviour of the concrete was simulated using the
“Concrete damaged plasticity” model in ABAQUS, where,
according to Drucker-Prager’s theory of plasticity, the
resulting “stress-strain” diagram was used (Fig. 7). Specific
concrete properties for this theory were selected according
to Hu et al. (2003), i.e., if the concrete core is situated
inside the thin-walled steel shell, the force of confinement
of the concrete is insignificant, and the following equations
can be considered

Jee = et 19)
Epe = gc(l +k, %J (20)

The expressions above describe the strength of concrete
under various forces of confinement, considering the
coefficients k; = 4.1 and k, = 20.5. If the slenderness ratio of
the specimen walls is A/t > 30, the value f; = 0. In the given
model, the coefficient k3 = 0.5 (see Fig. 19(a)). The
resulting behavioural diagram for the confined concrete,

Table 7 Material test results for the concrete used in the

FEM modelling
‘ Cylinder, [MPa] 25.83
COSr;Egiwe Prism, [MPa] 31.75
Cube, [MPa] 33.53
Bending tensile strength, [MPa] 4.07
Poisson's ratio, v 0.2
Secant modulus of elasticity E,,,, [GPa] 28.50

Density y, [kg/m’] 2242.02
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(b) Diagram for the concrete in the ABAQUS model

Fig. 19 The o-¢ curve for the concrete under compression

selected for the ABAQUS computations, is presented in Fig.
19(b).

(a) ST and STp series

(b) CFST and CFSTp series

(c) CFSTst and CFSTstp series
Fig. 20 ABAQUS models of experimental specimens

4.2 Composite action between the steel and
concrete elements of the composite section

The interaction between the steel and concrete elements
of the composite section was modelled using two
components: “normal”, i.e., the compression of the concrete
core in the perpendicular direction on the steel shell walls,
and “tangential”, i.e., the torsional resistance on the steel-
concrete interface. In the ABAQUS modelling of the
specimens, the tangential component was considered as
friction between the concrete core and the steel shell in the
composite section. As Rabbat and Russell (1985), Baltay
and Gjelsvik (1990), and Evirgen and Tuncan (2014)
suggested, the value of the friction coefficient may vary
from quasi-zero up to 0.7. Qu et al. (2015) in their research
has been proposed an empirical equation for predicting the
average ultimate bond strength for rectangular hollow steel
tubes filled with normal strength concrete. However,
following Kanishchev and Kvocak (2015b), it can be stated
that the influence of various values of the friction
coefficient from within the above range is negligible if load
is applied to the steel section only, or concurrently to both
the steel section and concrete core of the composite member
(see Figs. 8(c)-(f)). The influence of the friction coefficient
is significant only if the load is directly applied to the
concrete core, which is irrelevant for the research study in
question. Therefore, in modelling the analysed composite
columns, the friction coefficient was regarded by its
average value of 0.3.

4.3 Boundary conditions for the analysed members

The boundary conditions corresponding to the real
experiments were simulated in the computational-graphical
ABAQUS software modelling of the behaviour of the
composite columns being analysed. The simulation of the
boundary conditions for the steel shell walls was in two
variants: (a) hinged (pinned) ends (for ST, CFST, and
CFSTst specimen types); and (b) fixed ends, simulated by
the “fictitious” welding of the head plates at both ends of
the tubes (for STp, CFSTp, and CFSTstp specimen types),
i.e., rotation of the ends was prevented. In the ABAQUS
environment, the end supports were modelled in “TOP” (the
upper ends of the columns) and “BOTTOM” (the lower
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Fig. 22 Experimental and ABAQUS numerical modelling
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Fig. 21 Comparison of experimental and ABAQUS modelling results in the ST-1 specimen

(c) Stresses in Walls C and D at N,

results for the ST-1 specimen

ends of the columns) reference points. Loading of the
elements was through the upper “TOP” reference point,
according to the real experimental conditions (see Figs.
20(a)-(c)). The reference points were joined as “rigid body
constraint® joints with the top and bottom edges of the steel
shell in hollow tubular sections (ST and STp specimen
types), or with the edges of the steel shell and the concrete
core at both ends in the concrete-filled tubular sections
(CFST and CFSTp specimen types).

5. Experimental results and results of ABAQUS
numerical modelling of the analysed members

Mid-width critical stresses o, in the wider walls of the
sections were detected in the experiments by using strain
gauges (Wall A and Wall C) due to a smaller flexural
rigidity of these walls than that of the narrower walls (Wall

T N ) 4

140 | = ABAQUST23 s N

N [kN]
(a) Mid-wall stresses in Wall C
450
200 | e : —
350 o
300 | o
250 | l’)__l‘

200-;

150 |24

100 7
50

0
0 1 2 3 4 5

w [mm]

(b) Local buckling deformation of Wall C

N [kN]

—+—3S58

—=— ABAQUS S8

Fig. 23 Comparison of experimental and ABAQUS
modelling results in the STp-1 specimen
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(a) Deformation of the specimen at

failure CandD at g,

(b) Local buckling deformation of Walls

(c) Stresses in Walls C and D at N,

Fig. 24 Experimental and ABAQUS numerical modelling results for the STp-1 specimen
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Fig. 25 Comparison of experimental and ABAQUS modelling results in the CFST-1 specimen

(a) Deformation of the specimen at
failure

(b) Local buckling deformation of Walls
Aand B at o,

(c) Stresses in Walls A and B before local buckling

Fig. 26 Experimental and ABAQUS numerical modelling results for the CFST-1 specimen

B and D) regarding the local loss of stability. The resulting
critical stresses are shown in Table 9 in Section 6. The axial
strength of the cross-section was also analysed during the
experiments and modelling, as well as the wall
deformations in locally buckled areas. As is shown in Figs.
21-24, the deformation of the local loss of stability in the
hollow sections (the ST and STp series) is plotted as a
sinusoid with three half-waves. In the concrete-filled
specimens (the CFST, CFSTp, CFSTst, and CFSTstp
series), the steel shell (tubular) walls buckle in a direction
away from the composite section (see Figs. 25-32). In some
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Fig. 27 Mid-wall stresses in Wall A of the CFSTp-1
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specimens in this series, local buckling deformations
occurred outside the areas with the installed sensors, and it
was impossible to take measurements.

6. Analysis of the results

Based on both experimental measurements and
numerical modelling of the short column specimens
(Section 5) and the Eq. (14), the critical stress coefficients
(k, for the hollow tubular sections and k, ., for the

(c) Stresses in Walls A and B before local buckling
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Fig. 31 Mid-wall stresses in Wall C of the CFSTstp-1
specimen



Local buckling of rectangular steel tubes filled with concrete 213

(a) Deformation of the specimen at (b) Local buckling deformation of Walls (c) Stresses in Walls A and B before local buckling
failure CandD at g,

Fig. 32 Experimental and ABAQUS numerical modelling results for the CFSTstp-1 specimen

Table 8 Analysis of the results in the analysed members

Axial strength [kN] Critical stress [MPa] ks (kg comp) Difference kg (Ky.comp)
Specimen Exp. ABAQUS Exp. ABAQUS  Exp. ABAQUS EN (Exp. vs ?BAQUS)
1993-1-5 [%]
ST-1 310.15 300.05 152.07 145.30 4.11 3.93 4.42
ST-2 320.07 330.12 150.08 142.19 4.06 3.85 5.31
ST-3 310.15 320.10 159.94 145.28 4.33 3.93 4.00 9.23
STp-1 300.05 320.17 150.15 147.32 4.06 3.98 2.00
STp-2 300.25 300.56 153.30 140.14 4.15 3.80 8.43
STp-3 320.17 310.27 151.2 144.36 4.09 391 4.40
CFST-1 900.05 850.34 255.22 234.63 6.90 6.33 8.26
CFST-2 975.11 1025.34 275.77 237.02 7.46 6.41 14.07
CFST-3 1000.23 950.36 284.45 239.16 7.69 6.47 15.86
CFSTp-1 900.37 900.21 250.31 241.67 6.77 6.54 i 3.39
CFSTp-2 875 905.56 253.84 238.25 6.86 6.44 6.12
CFSTp-3 - 950.25 - 240.36 - 6.50 -
CFSTst-1 400.09 400.36 240.66 235.55 6.51 6.37 2.15
CFSTst-2 450.36 405.45 238.79 238.48 6.46 6.46 0.13
CFSTst-3 400.29 410.36 236.80 227.56 6.40 6.15 4.00
CFSTstp-1 450.07 440.15 257.02 225.17 6.95 6.10 ’ 12.23
CFSTstp-2 400.14 410.56 242.15 226.26 6.55 6.12 6.56
CFSTstp-3 450.10 425.36 250.74 228.36 6.78 6.18 8.95
ko ko. comp
44 433 - e == EN 1993-1-5
43 Hexp.
= e — 4.06 09 :;::aus RABAQLS
S§T41 ST-2 ST3 STp1 STp2  STp3 CFST-1 CFST-2 CFST-3 CFSTp-1 CFSTp-2 CFSTp-3
Fig. 33 Comparison of the critical stress coefficients for Fig. 34 Comparison of the critical stress coefficients for

the ST(p) specimen series the CFST(p) specimen series
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Fig. 36 Comparison of the axial strengths of the individual
composite sections

concrete-filled tubular sections) were determined, as
presented in Table 8.

The coefficients for the individual sections are further
compared in Figs. 33-35. The comparison of the axial
strength in the individual composite sections is provided in
Fig. 36, where the values calculated compliant with
Eurocode are also included, considering the critical stress
coefficients for hollow sections, as well as the optimised
values based on the research study mentioned above.

7. Conclusions

Based on the above theoretical, numerical and
experimental analysis of the local stability of axially
compressed rectangular thin-walled concrete-filled steel
tubular sections, considering their initial geometric
imperfections, it can be concluded that:

® The results of the research confirmed the feasibility
and suitability of the application of rectangular Class

4 steel sections for composite members, which is
currently unallowable according to EN 1994-1-1.
Rectangular Class 4 steel sections (according to EN
1993-1-1) can also be employed for concrete-filled
sections, while the design procedures stipulated in
EN 1993-1-5 can be followed if the cross-sectional
area of the steel element of the composite section is
reduced by the critical stress coefficient. The fact
was proved by both the numerical and experimental
analyses in this paper, showing that the critical
stresses remained elastic in all analysed specimens.
In the composite section, i.e., the rectangular tube
filled with concrete, the tubular walls are supported
from the inside by the concrete core, which changes
the boundary conditions for the walls (see Section
2).

The experimental results and the results obtained
from the used theoretical models correlate very well,
which justifies the intention to investigate other
types of composite members by theoretical
modelling in the future (see Table 8).

The minimum value of the critical stress coefficient
in the CFST(p) members is 6.33 (the result of the
CFST-1 specimen modelling), which is 9.6% smaller
than its theoretical value (see Section 2.2). This
phenomenon can be explained by the fact that the
longitudinal edges of the real tubes are not perfectly
fixed, and the concrete core contributes to the earlier
local buckling of the walls.

The minimum value of the critical stress coefficient
in the CFSTst(p) members is 6.1 (the result of the
CFSTst(p)-1 specimen modelling), which is also
smaller by 12.9% than its theoretical value (see
Section 2.2).

The difference between the results obtained for the
CFST(p) and CFSTst(p) specimens is negligibly
small, and the application of the CFSTst(p)-type
composite sections in construction practice does not
serve any useful purpose since the resistance (load-
bearing capacity) of the full (composite) section is
not utilised (only that of the steel section).

The welding of the head plates to the analysed
members influenced only the shape and location of
local deformations in the hollow and composite
members.

EN 1994-1-1 can be applied to the design of
centrically compressed composite columns made of
thin-walled concrete-filled steel sections, whereas
local buckling is accounted for by calculating the
effective cross-sectional area of the steel tubular
section with the critical stress coefficient k; com, = 6.
For making broader conclusions, or complementary
design proposals, it is necessary to carry out a higher
number of experiments and numerically analyse the
experiments, on whose ground it will be possible to
optimise design calculations for such structures
under a variety of axial force loading combinations
(for example, eccentric load applications, a
combination of compression and bending and many
more).
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