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ABSTRACT. In this experimental work, strength results obtained on short
columns subjected to concentric loads are presented. The specimens used in
the tests have been made of cold-rolled, thin-walled steel. Twenty short
columns of the same cross-section area and wall thickness have been tested as
follows: 8 empty and 12 filled with ordinary concrete. In order to determine
the column section geometry with the highest resistance, three different types
of cross-sections have been compared: rectangular, I-shaped unreinforced
and, reinforced with 100 mm spaced transversal links. The parameters studied
are the specimen height and the cross-sectional steel geometry. The registered
experimental results have been compared to the ultimate loads intended
by Eurocode 3, for empty columns, and by Eurocode 4, for compound
columns. These results showed that a concrete-filled composite column had
improved strength compared to the empty case. Among the three cross-
section types, it has been found that I-section reinforced is more resistant
than the other two sections. Moreover, the load capacity and mode of failure
have been influenced by the height of the column. Also, the EC3 and EC4
predictions were not conservative compared to the experimental strengths of
the tested columns.
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INTRODUCTION

mechanical advantages such as high ultimate strength, rigidity and high ductility at the same time. Several studies

have been carried out on the hollow steel columns filled with different types of concrete under axial loads. The
studied columns are made of thin-walled cold-rolled steel. These columns have a structure such that the majority of the
soliciting load is supported by concrete, which is a very economical material that resists well to compression load. Thus,
the cross-sectional components of this type of column result in significant economies in the design of buildings with
different usages.
Several researchers have conducted recent experimental studies on the cross-sectional shape of thin-walled steel columns.
The behavior and strength of concrete-filled aluminum tube columns using square and rectangular hollow sections under
uniform axial compression have been analysed by Feng Zhou and al [1], It has been found that the shape of the cross-
section, the thickness of the tube and concrete strength had a considerable effect on the local buckling of tubular
columns.
Concrete-filled steel tubular columns (CFT) under axial and eccentric load, with and without binding bars were studied by
Zhi-Liang Zuo and al [2, 3]. They noted that the local buckling could be delayed by the installation of the binding bars.
They have also noticed that decreasing the horizontal spacing of the bars increases ductility and strength. As per the study
of Duarte and al [4], on the geometric effect of the cross-section of steel tubes with different grades and filled with rubber
concrete (A.P.C), they concluded that the ductility increasing under axial load depended on the geometry of the cross-
section, being more effective for columns with circular sections than those of columns with squate or rectangular sections.
Handel [5] studied the effect of age and type of filler concrete on the ultimate strength of six rectangular thin-walled cold-
rolled steel hollow tubes under axial loading. Three concrete mixtures have been used: ordinary concrete, slag concrete
where the gravel and sand have substituted by crystallised slag and, slag sand concrete where dune sand has been
substituted by crushed crystallised slag sand. The hollow tubes filled with slag concrete gave the best ultimate resistance.
This was due to the high strength of slag concrete. It was also noted that, at the age of 180 days, the axial load capacity of
mixed tubes filled with the three types of concrete, increased respectively by 13.98%, 3.71% and 3.10% compared to those
found at 28 days age.
Weiwei Wang and al [6] studied eight T-shaped concrete-filled steel tubular (CEFST) stub columns with stiffeners to high
temperature under the compressive load. They have found that the temperature, thickness of steel tube, yield strength of
steel tube and compressive strength of concrete are the key factors contributing to the axial compressive performance of
the CEST stub columns and the failure pattern.
Nineteen lightweight aggregate concrete-filled steel tubular (CFST) columns with circular, square, square with round-
ended, rhombic, rectangular, rectangular with round-ended, elliptical, hexagonal asymmetric, T-shaped, pentagram,
hexagon, octagon, 1/4 circular, semi-circular, D-shaped, fan-shaped, I.-shaped and T-shape cross sections, have been
tested under axial load by Ali Hameed Naser Almamoori and al [7]. All the CFST columns failed due to the crushing of
the concrete core with local buckling of the steel tube. They noted that as the number of steel plates welded together to
form the section increases, the section becomes more stable and leading to a better confinement. The columns with
conventional cross-sectional shapes such as circle and square seem to have a relatively higher ductility index. But, as the
shape becomes more irregular, the ductility index decreases.
A fully or partially encased composite column is a composite type column that consists of an H-shaped or I-shaped steel
section with concrete poured between the opposing flanges. The advantage of this type of column is that it offers a
simplified connection between beams and columns, with reduced formwork on two sides of the column.
Few researches has been conducted on profiles partially filled with concrete. Hunaiti and Fattah [8], Jamkhaneh and al. [9],
Chicoine. T and al. [10], Begum and al. [11] studied the behavior and load-bearing capacity of a new type of composite
column partially filled with ordinary concrete and thin-walled welded I-section reinforced with transverse links. The
specimen's mode failure was local buckling with deformation of the steel at the flanges and crushing of the concrete. The
studies showed the additional reinforcement could improve the column's ultimate load.
Handel and al [12] have noted that the increase in ultimate load capacity of thin-walled partially encased sections filled
with slag concrete under axial loading attributed to the higher strength of the concrete. Also, it is confirmed that the
length and thickness of the steel profile have a significant effect on the ultimate strength and failure mode.
Experimental and numerical results of a study of partially encased composite columns under concentric loads conducted
by Margot F. Pereira and al. [13] indicated that the welded wire mesh could replace the transversal links between the
flanges.

T ubular steel columns filled with concrete have been widely used in structures around the world. They offer many
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According to the literature, there was a lack of experimental tests comparing concrete-filled tubular section columns and
partially or fully encased profiles to understand which cross-section provided the best strength and stability performance.
Therefore, an experimental study is performed on short thin-walled steel columns of rectangular cross-section, I-shaped
without reinforcement and I-shaped reinforced by transverse links, under axial load, to analyze the ultimate strength and
failure mode of these column types. The parameters studied are the height and the shape of the cross-section of the
specimens. The recorded experimental results are compared with those given by the prediction of EC3 regulation [14] for
empty steel columns and EC 4 [15] for mixed columns.

EXPERIMENTAL PROGRAM

Geometric properties of specimens and their fabrication
n this work, a twenty short cold rolled galvanized steel columns with a thickness of 2 mm and a cross-sectional area
I (100x70) mm?* are tested as follows: 8 empty and 12 filled with ordinary concrete, under uniaxial loading, to
investigate the effect of column height and cross-section geometry on their load-bearing capacity and failure modes.
The studied sections consist of two U-shaped cold-rolled steel obtained by cold bending and joined throughout the height
by a continuous weld to form a hollow steel tube and welded back to back to forms an I-shaped steel section. Three types
of cross-sections are compared: rectangular, unenforced I-shape and, I- stiffened by transverse links spaced by 100 mm.
The heights of the specimens are 200 mm - 300 mm - 400 mm - 500 mm. The test program contains 5 series of columns:
- The first series represents empty steel specimens with an I-shaped cross-section (Fig. 1-a) designated as C1-C2-C3-C4;
- The second series represent empty hollow rectangular section steel specimens (Fig. 1-d) designated as C5-C6-C7-C8;
- The third series represents the partially encased I-shaped cross-sectional steel specimens (Fig. 1-b) designated as C9-C10-
C11-C12;
- The fourth series represents the steel I-shaped cross-section specimens partially encased and reinforced horizontally by
round steel links of 3.3 mm diameter smooth in U-shape welded to the extremities of the flanges as shown in Fig. (1-c)
designated as C13-C14-C15-C16. The transverse link spacing of 100 mm (d =100 mm) has been used to increase the
confined concrete capacity and to retard local buckling of the thin-walled steel;
- The fifth series represents hollow rectangular section specimens filled with ordinary concrete (Fig. 1-¢) designated as
C17-C18-C19-C20.
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Figure 1: Cross section of test specimens.
Steel

The mechanical properties of the used steel for the short columns are:
- Young’s modulus: E, = 205 000 MPa
- Yield strength: f; = 300 MPa

Concrete

The method used to determine the filler concrete composition is that of the Gorisse-Dreux method. It is determined with
maximum aggregate diameter Dimax = 15 mm and a 6 cm slump (according to the NF P 18-451 standard) corresponding to
a plastic concrete. The concrete composition is listed in Tab. 1. The short steel columns filled with ordinary concrete have
been poured in a vertical position in three layers and vibrated on a vibrating table to obtain compact concrete throughout
the specimen's height. The concrete compressive strength at 28 days is determined using the NF P 18-406 standard on
three cubic specimens of dimension (10x10x10 cm), and the splitting tensile strength of the concrete is determined
according to the NF P 18-408 standard on three cylindrical specimens of dimension (16x32 cm). All casted columns
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hardened in a vertical position in laboratory ambient air (temperature = 20-25°C and relative humidity = 60 at 70 %) (Fig.
2).

Water-

Cement Cement Is)ir;i th;zi[;ne Real iy Si‘;igtﬁ(g?gézsz:e Tensile strength of
CPJ 42.5 Ratio (0/2.5) 5/15) density (28 days) concrete (28 days)
w/C
Unit Kg/m? - kg/m? kg/m> kg/m> mm MPa MPa
Value 350 0.60 811.32 1095.77 2.47 60 25 2

Table 1: Compositions of the filling concrete.

I-shaped empty I-shaped empty with Concrete filled, [-form  Empty and concrete
transversal links with and without links ~ filled, rectangular shape

Figure 2: A general view of the fabricated specimens.

RESULTS AND DISCUSSION

capacity of 2000 kN. Particular attention is payed in checking the correct position of the columns before loading.
The top and bottom faces of composite columns are treated to eliminate surface irregularities to provide a more
uniform load distribution across the column cross-section.
Recorded experimental results are compared with those given by the prediction of EC3 regulation for empty steel
columns and EC 4 for mixed columns. Experimental strength (Nue) of the specimens and their predicted strengths (Nuc)
according to EC3 and EC4 are presented in Tab. 2.
The ultimate load is examined under the effect of the geometry of the empty sections (I shape or rectangular) (Fig. 3): it is
observed that empty specimens (C1, C2, C3 and C4) of the section I record an increase in load capacity of (30.50%,
40.66%, 47% and 52.75%) respectively compared to the empty specimens (C5, C6, C7 and C8) of rectangular sections. In
contrast, ultimate loads decrease for specimens C4 and C8 as heights increase. From these results, it can be concluded that
the height of thin-walled cold rolled steel columns has a negative influence on the axial load capacity.
For the fourth series specimens (C13, C14, C15 and C16) of I-section partially encased and reinforced by horizontal links,
it is recorded (see Fig. 4) an improvement of their load capacities respectively of the order of 40%, 45.35%, 52.52% and
61.37% compared to those of the non-reinforced specimens of the third series (C9, C10, C11 and C12). This
improvement is not very important for their ultimate loads: it is respectively improved of 16.6 %, 17.1 %, 17.4 % and 18
% comparing to the rectangular cross-section specimens of the fifth series (C17, C18, C19 and C20) (Fig.4).
These results also show the improvement of the load capacity in partially encased steel columns of ratio (b / t = 17.5) and
reinforced with links. The ultimate load is inversely proportional to the height of the specimen.
Fig. 5 illustrates the ratio between experimental loads from the composite columns and the loads from the empty steel
columns. The compressive strength of the filler concrete at 28 days is 25 MPa. Comparing the ultimate loads of the empty
steel I-section specimens (first series) with those of the partially encased I-section specimens with no reinforcement (third
series), it is noted that ultimate load increased from 34% to 69%. The fourth series specimens with transverse links show

ﬁ II the specimens are tested to failure under axial compression at 28 days by a universal testing machine, with a
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an increase in ultimate load from 116.4 % to 136%. This reflects the advantage of short steel columns filled with concrete.
More the transversal links welded at the butt of the footings and spaced 100 mm apart can improve the axial load capacity
by 40% to 61.4% compared to the I-shaped section specimens not reinforced. Also, an increase of 130% to 153.4% for
the ultimate loads of the 5th series rectangular hollow concrete-filled specimens is observed compared to the empty ones
(series 2). The concrete containment between the steel walls of the hollow section gives the highest load ratio.

Specimen column Width-to- Exp. ult.
Test series Fiabels length thickness strength Nue/Nuc
(mm) ratio: b/t Nue (kN)
4 C1 200 17.5 190.89 0.87
Series 1
(Empty 1- C2 300 17.5 192.85 0.86
section C3 400 17.5 188.25 0.88
columns)
Cc4 500 17.5 181.32 0.90
Series 2 C5 200 17.5 146.30 0.61
(Empty C6 300 17.5 137.10 0.57
rectangular
section C7 400 17.5 128.00 0.54
columns) C8 500 17.5 118.70 0.50
4 C9 200 17.5 280.00 0.93
Series 3
(mixed L-section C10 300 17.5 258.00 0.88
columns) Ccl1 400 17.5 238.00 0.82
C12 500 17.5 220.00 0.75
, C13 200 17.5 392.00 1.26
Series 4
(mixed I-section Cl4 300 17.5 375.00 1.17
columns with C15 400 17.5 363.00 1.09
horizontal link)
C16 500 17.5 355.00 1.10
Series 5 C17 200 17.5 336.11 1.02
(mixed C18 300 17.5 320.00 0.97
rectangular
section C19 400 17.5 309.10 0.94
columns) C20 500 17.5 300.84 0.91

Table 2: Experimental results of empty steel and composite columns.
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Figure 3: Experimental ultimate load (Ny.) of empty steel columns.

81



A. Bonaricha et alii, Frattura ed Integrita Strutturale, 58 (2021) 77-85; DOI: 10.3221/IGF-ESIS.58.06

— = Serie3 I ------ Serie4 ]:[l — -+ = Series D

450 -
400 —
> 3 s m———————
é o =
= 300 I
—
=] T—
= 250 T —
200
150
100 : ' ; : .
100 200 300 400 500 600
Column height (mm)
Figure 4: Experimental ultimate load (Ny) of composite columns.
DORectangular @I-shaped ®I-shaped with links
3.00 4
€ 250
=
-—
SE 200
=
=
EE 1.50
= B 100 {= = — —_ - — — .
&
-
= 050
E— E— g
0.00 += . . -
200mm 300mm 400mm 500 mm
Columns

Figure 5: Strength gain for cross-section types.

According to EC4, the concrete contribution ratio (CCR) is the experimental ultimate load (Nue) divided by the yield
strength (fy) of steel and the effective cross-sectional area that considers the local buckling of the steel tube (As.eff). Fig. 6
shows the CCR of the three composite column series. The results show that the I-shaped cross-section with horizontal
links partially encased has a greater positive influence on concrete filling than the rectangular and I-shaped without
horizontal links sections. That confirmed the tendency observed for the experimental ultimate load of the series 4
composite columns.

The experimental ultimate loads are compared to those given by the prediction of EC3 regulation for empty steel columns
and EC 4 for mixed columns. The results presented in Fig. 7 showing clearly the experimentally obtained load capacity of
empty steel columns is lower than predicted by EC3. Although short column experimental loads have expected to be
close to those calculated according to EC3, the experimental results gave lower loads for empty columns due to premature
buckling.

The error of predicting the axial capacity of the composite column is shown in Fig. 8. It can be observed that EC4 is not
conservative where the error obtained with respect to the experimental load values varies from 0.93 to 0.75. The same
observation was noted for rectangular section specimens of heights of 500 mm, 400 mm and 300 mm with an error
varying from 0.91 to 0.97. But EC4 is conservative for rectangular section specimen of height 200 mm. EC4 estimates
safer predictions with an error varying from 1.10 to 1.17 for I-shaped specimens reinforced with horizontal links.

From the results of tests obtained on short thin-walled empty and concrete-filled cold-rolled steel columns under uniaxial
loading, it should be noted that the instability of thin-walled local occurred at all specimens with low attenuation for
composite columns, this is due to lateral stiffness contribution that prevents the specimens to produce large lateral
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displacements and therefore lesser the local buckling. Also, the length of the column has a significant effect on the local
buckling. The typical failure modes for the tested partially encased columns are by fully or partial crushing of concrete,
steel web end flange buckling outwards and inwards, with steel-concrete separation. The composite columns reinforced

with transversal links of the 4th series have a more ductile mode of failure than the 3rd series columns.

The horizontal

links prevented concrete-steel separation, premature concrete cracking and minimized local buckling of the specimen

flanges (Fig. 9).
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Figure 6: Concrete contribution ratio (CCR).
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Figure 8: Composite columns load ratio (Nue/Nuo).
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Empty Concrete filled Empty  Concrete filled

I-shaped section Rectangular section

Figure 9: Typical failure mode 400 mm high columns empty and filled with concrete).

CONCLUSIONS

under uniaxial loading. From the experimental results of this study, some conclusions can be drawn:

T his study has examined five seties tests of cold-rolled, thin-walled short steel columns filled with ordinary concrete

. Increasing the column height (empty or composite) leads to a decrease in the ultimate strength for all
types of studied cross-sections.

e The axial load capacity of composite columns filled with concrete is improved compared to empty columns.

e Transverse reinforcement of the I-shaped section with links improved the experimental ultimate loads of the
composite column compared to the I-shaped without links section. Partial confinement increased strength gain by
49.81%.

e The used column with I-shaped cross-sections and transversal links with a web thickness of 4 mm, gave a higher
experimental ultimate load than a rectangular section. This load has been influenced by the steel thickness. The
strength gain is about 17.3 % for all the heights of the specimens.

e All specimens failed by local buckling with the crushing of the entire or partially concrete. The local buckling becomes
less significant as the height of the specimens increases.

e Multiple experimental tests are required to verify the validity of the EC3 and EC4 predictions for reconstructed cross-
sectional short columns of thin-walled cold-rolled steel under axial loading.
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