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ABSTRACT

ARTICLE HISTORY

This research presents experimental and finite element (FE) investigations of hexagonal concrete-filled steel tubular
(HCFST) slender columns. Firstly, a uniform axial load is applied to eight HCFST columns, with four of them being short
columns and the others remainder slender. The experiments aim to study the impact of both the cross-section and concrete
strength on the strength and behavior of HCFST slender columns. Secondly, HCFST slender columns are analyzed using
the FE program (ABAQUS). Validation of the FE analysis in terms of strength and behavior is conducted using the
present experimental tests and previous research. The strength and behavior of HCFST slender columns are further
explored using a series of parametric studies, including columns' height, concrete strength (fc), steel cross-section
thickness (t), and steel strength (fy). The results show that increasing the values of t, f., and fy increases the ultimate
capacity load of HCFST slender columns. Additionally, the maximum value of A is identified to be almost equal to 18,
indicating the threshold distinguishing short HCFST columns, and after this threshold, the columns are classified as
slender. Lastly, a comparison is drawn between the results obtained from the experimental and FE models and the
standards obtained in the AISC and EN 1994-1-1 (EC4) codes. The analysis reveals that EN 1994-1-1 (EC4) yields
non-conservative results for steel tubes with small thicknesses, whereas AISC tends to give more conservative results
across all HCFST slender columns. It is therefore recommended to adhere to the AISC specification for steel tubes with
small thicknesses up to 4mm and to use EC4 for other thicknesses exceeding this limit.
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1. Introduction

Generally, composite columns consist of concrete as the compression
element, while steel members at the external perimeter are considered the best
elements to withstand tension and bending moments. The presence of the
concrete component within the steel tube effectively mitigates local buckling
by providing resistance compressive loading. Concrete-filled steel tubing
(CFST) columns have found extensive application in various structures such as
transmission towers, bridges, multi-story buildings, and storerooms. As
depicted in Fig. 1, the shapes of CFST columns include rectangular, square,
circular, elliptical, and more recently, octagonal and hexagonal shapes. The
main advantages of using CFST columns were: economy, increased strength,
greater ductility, higher stiffness, higher energy absorption capacity, and
reduced construction time and cost [1].

Circular CFST columns perform significantly better than their square or
rectangular counterparts due to the more uniform confinement effect
experienced by a circular CFST column than on a square or rectangular
cross-section [2]. The cross-sections of CFST columns can vary, encompassing
shapes such as octagonal [3-6], hexagonal [1, 7-10], round-ended [11-14], and
elliptical [15-19] shapes. These shapes have been extensively studied to
enhance bearing capacity and simplify connections to neighboring beams.

A new cross-section for CFST columns, termed square concrete-filled
double steel tubular (CFDST) columns, has been introduced. This design
incorporates an inner circular tube, aiming to combine the advantages of square
and circular CFST columns, as described in references [3, 20]. Researchers
have tested square CFDST columns under various loads to assess their
structural performance [21-25].

Conversely, slender columns have been extensively studied, including
circular, square, and oval specimens. Dundu [26] examined the behavior of 29
squares of CFST under concentric axial compression. Overall, buckling was
identified as the predominant failure mode for column lengths ranging between
1.5and 2.7 m. Dai et al. [27] conducted numerical forecasts in conjunction with
experimental observations of 18 CFST elliptical columns, verifying the
accuracy of the FE. The failure mechanisms observed in the slender CFST
columns were global buckling, as established through both experimental and
numerical modeling. Ahmed et al. [28] studied numerical models to identify
local and global buckling in CFDST columns, proposing a design methodology
for calculating the ultimate load. Wang et al. [29] conducted tests on 13 HCFS
corner columns under axial or eccentric compression, proposing equations to
predict load capacity and providing insights for safe design predictions.

According to the aforementioned, previous studies concentrated on

studying the behavior of short CFST columns, with very limited investigation
into CFST slender columns with oval, circular, and square cross-sections.
However, it is worth noting that there was limited availability of experimental
or theoretical investigations regarding the behavior of CFST slender columns
with hexagonal cross-sections, except for the findings presented in reference
[29].

Recently, only one study has appeared examining slender columns of
hexagonal cross-section subjected to eccentric compression [29].

Therefore, the authors believed that this research would complete the study
of the behavior of slender columns with a hexagonal cross-section using
practical experiments exposed to an axial load. At the end of the experimental
study, the ABAQUS program was used to develop the FE model. The FE model
was verified by using the results of experiments. Then, the proposed FE model
was used in the parametric study, which examined the impacts of column height
(H), steel cross-section thickness (t), concrete strength (fc), steel strength (f,),
and slenderness ratio (L) on the efficiency of HCFST slender columns. Finally,
the results of the FE model study and experimental tests were compared with
the guidelines outlined in the AISC and EN 1994-1-1 (EC4) codes.
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Fig. 1 Shapes of CFST columns

2. Laboratory investigation
2.1. Stage of pre-loading

CFST columns with hexagonal shapes were tested. The experimental
program contained eight test specimens of HCFST columns, including four
specimens of HCFST short columns (HCSS1, HCSS2, HCSS3, and HCSS4)
and four specimens of HCFST slender columns (HCFST1, HCFST2, HCFST3,
and HCFST4). The dimensions of tested columns were represented as [Dx B x
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t], with the height denoted as [H], (0) of the cross-section 120° and the
calculated value a = D/2, with the steel column's thickness [t]; please refer to
Table 1. Definitions for (B, D, 6, and a) were provided in Fig. 2. Additionally,
Table 1 presents the peak axial strength (Putest) Of tested columns. The
concrete had a strength of 30.25 MPa. Steel plates were bent to create the
hexagonal steel tubes, which were then butt-welded at the corners of both
ends. Fig. 2 depicts the location of the butt welds along the column length. To
monitor the failure mode and prevent rusting of the steel outer surface, the
exterior of the steel columns' was treated and painted with gray paint. Initially,
the end bearing plate and hexagonal steel tube were welded together. Then,
concrete was cast from the other side of the columns. The upper surface of the
concrete was leveled to be on the same surface plane as the steel column.
Concurrently, the standard concrete cube tests were performed.

After casting, the columns were covered with wet burlap on the upper
surfaces to prevent water loss. The top surfaces of the columns were regularly
watered. Additionally, the standard concrete cubes were treated in a similar
manner as the HCFST columns.

Finally, the other side of the column was covered with plates that were
welded to the higher surfaces of the HCFST columns.
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Fig. 2 Definition of symbols and position of butt weld for HCFST columns

Table 1
Tested columns' measurements and ultimate loads
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hydraulic cylinder in increments of 20 kN up to 30% of the design load and then
unloaded. Subsequently, the load was gradually applied until failure was
observed. With every increase in load, readings from the strain gauges and
LVDTs were recorded.

Table 2
Concrete mix design
Cement[Kg/m®] Water[Kg/m®]  Sand[Kg/m?] Aggregate[Kg/m?]

350 150 650 1300
Table 3
Properties of concrete

feu [Mpa] Ec [Mpa] Ve
30.25 22970.76 0.23

Specimen almm] Himm]  D[mm] B[mm] t[mm] 0 Puexp[KN]
HCSS1 80 500 160 138.56 3 120° 894.54
HCSS2 80 500 160 138.56 3 120° 868.53
HCSS3 100 620 200 173.21 3 120° 1178.61
HCSS4 100 620 200 173.21 3 120° 1388.73
HCFST1 80 1494 160 138.56 3 120° 771.63
HCFST2 100 1494 200 17321 3 120° 1023.57
HCFST3 80 1094 160 138.56 3 120° 879.75
HCFST4 100 1094 200 17321 3 120° 1100.07

2.2. Stage measurements and loading

The concrete mix specifications are detailed in Table 2. Prior to testing, the
mechanical properties of both steel and concrete cubes were examined using
standard methods. Concrete cubes measuring 150mm x 150mm x 150mm
underwent compression testing according to the procedures outlined in the
Egyptian Code [30]. The recorded results of cubic strength [f.,], Young's
modulus of the concrete [Ec], and Poison's ratio [v] were presented in Table 3.
The coupon dimensions of steel plates, corresponding to the Australian
Standard AS 1391 [31], were depicted in Figs. 3 and 4. Fig. 5 illustrates the
mode of failure observed in the tested plate. The results of the material
properties of the steel plates' yield strength [f,], tensile strengths [f,], Young's
modulus [Es], and Poison's ratio [vs] were listed in Table 4 and plotted in Fig. 6.
A hydraulic machine applied a 2000 kN axial compression to the test column.
The column was stabilized to ensure that the applied load acted uniformly as
axial compression. To prevent out-of-plane buckling, a transverse beam was
used at mid-height. The two-end boundary conditions of the columns were
depicted as hinged supports, as depicted in Fig. 7. To ensure accurate
measurement of deformation, four mechanical LVDTSs were positioned: two for
measuring axial shortening and the others for measuring lateral displacement of
the columns', as outlined in Figs. 7 and 8. Additionally, four strain gauges were
installed at the midpoint of the two opposing side surfaces of steel tube for the
slender columns made of hexagonal concrete-filled steel tubing (HCFST). At
the midpoint of the columns' height, strain gauges were positioned: two in
tension and two in compression, one vertically and the other horizontally. The
axial load was acted upon the upper surface of the rigid steel plate by a

Fig. 3 Tensile coupon test specimen setup
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Fig. 4 Dimensions of the test specimen for tensile coupons in mm [31]
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Fig. 5 Failure mode of tensile coupon test specimen
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Fig. 7 Test set-up of test specimens
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Fig. 8 Strain gauges and LVDTSs on the slender columns

Table 4
Measured steel properties

fy[Mpa] fu [Mpa] Es vs

329.799 405.056 200000 0.29

2.3. Results of the experiments and discussion

The results of specimens HCFST1, HCFST2, HCFST3, and HCFST4 of
HCFST slender columns were previously outlined in Table 1. The axial
strength (Prest) Of each specimen was determined, along with the relationships
between the loads and lateral displacement, axial shortening, vertical strain, and
horizontal strain. The mode of failure for each column specimen was also
discussed. Based on the experimental tests, the peak axial strength (Pyirest) Of
the tested columns HCFST1, HCFST2, HCFST3, and HCFST4 was 771.63 kN,
1023.57 kN, 879.75 kN, and 1100.07 kN, respectively. Additionally, the axial
shortening at the peak strength was recorded as 6.69, 11.86, 10.12, and 10.06
mm, respectively.

The average load-axial shortening relationships of HCFST slender
columns are described in Fig. 9. The current results prove that the shortening
values increase with increasing load values. Furthermore, an increase in the
columns' cross-sectional dimensions results in higher ultimate load values for
HCFST-slender columns. However, it was seen that shortening the height of
HCFST slender columns also contributes to an escalation in the ultimate load
values.
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Shortening [mm]
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Fig. 9 Load-axial shortening relationships average of LVDT1 and LVDT2 for HCFST

The load- horizontal displacement relationships of the HCFST slender
columns are depicted in Fig. 10. It was observed that the load values increased
with the lateral displacement values. Additionally, increasing the
cross-sectional dimensions of the HCFST slender columns' resulted in higher
ultimate load values. Moreover, decreasing the height of the HCFST's slender
columns increases the ultimate load. At the middle height of the HCFST slender
columns, load-vertical strain and load-horizontal strain were measured and
plotted in Fig. 11.

Tension and compression strains were considered positive and negative
signs, respectively. The vertical compressive strain and horizontal tension
strain of the HCFST slender columns were observed to be greater than the yield
strains of their constituent materials (Pytest). Alternatively, once the vertical
strain of the HCFST slender columns (HCFST1, HCFST2, and HCFST3)
reversed from compression to tension, the ultimate axial load was determined.
Conversely, when attaining the peak load of the HCFST slender columns
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(HCFST1, HCFST2, and HCFST3), the horizontal strain of the columns was
located within the compression zone. Additionally, significant variations in the
vertical and horizontal strains of HCFST4 were observed during the initial
loading period, due to elastic buckling induced by the slender column. The
distorted shapes of the tested columns are depicted in Fig. 12. The failure
pattern for the current HCFST slender columns was identified as global
buckling, which was typically observed in all columns, particularly in column
HCFST1. However, the details of the global buckling behavior of all types of
slender columns are illustrated in Fig. 12.
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Fig. 10 Load- horizontal displacement relationship average of LVDT3 and LVDT4 for
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Fig. 11 Load-vertical strain and load-horizontal strain relationships for HCFST
slender columns

Fig. 12 Distorted shape of HCFST slender columns

3. Finite element model [FE]
3.1. Overall

The program ABAQUS [32] was utilized to develop the present FE models.
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The modeling procedure comprised two steps. Initially, the buckling mode of a
perfectly slender column was determined using an elastic buckling analysis
referred to as a linear perturbation analysis. In the next stage of the analysis, the
HCFST slender columns were loaded through axial compression, determining
the peak loads and collapse manner. This analysis incorporated material
plasticity strains and geometric imperfections in accordance with the first Eigen
mode; RIKS method described in ABAQUS [32]. The model included discrete,
rigid upper and lower-end plates, each equipped with a reference point (RP)
positioned mid center. These RP’s were provided with the boundary conditions,
with the vertical load concentrated atop the upper-end plate. Various
restrictions were applied at the RPs to simulate pin-ended supports. The lower
RP exhibited restraints (u,= uy,= u~= 6, = 0.0), while the top RP exhibited
restraints (ux= uy= 6, = 0.0), as shown in Fig. 13 and previously discussed in
detail by the first author in [33]. Furthermore, the optimal mesh size was
determined through mesh sensitivity analysis, yielding a mesh size of 50mm, as
depicted in Fig. 14. The tube was modeled using the shell element with a
three-node triangular shape S3 [32]. The concrete was modeled using the
three-dimensional solid element C3D4, with a four-node linear tetrahedron
shape [32]. Surface-based interactions were used to replicate the interaction
between the tube and the concrete. This was achieved using a Coulomb friction
model in the tangential orientation on the surface, coupled with a contact
pressure-over-closure model in the normal orientation. The steel and concrete
surfaces were designated as slave and master surfaces, respectively. As
reported by Hassanein et al. [34], the friction coefficient between concrete and
steel tube was identified as 0.4. Furthermore, the interaction between the end
plates and the concrete was considered to possess the same properties as
described above. Additionally, as shown in Fig. 13, all end plates were
connected to the tube using the "tie" constraint, as defined in ABAQUS [32].
The stress-strain material of carbon steel was modeled as having bilinear
relationships, using the yield and peak strength of steel along with linear strain
hardening characterized by a modulus of 2 GPa. Further details on this topic
were discussed in the work of the first author [35]. Concrete damage plasticity,
available in ABAQUS [32], was selected to simulate the behavior of concrete
infill in HCFST slender columns. The full details regarding the stress-strain
curve relationships of the infill concrete were provided in [8].
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Fig. 14 Mesh sensitivity analysis of HCFST slender columns

3.2. Validation

The FE model was verified using the current HCFST slender columns
experimental investigation. Other tests were used to verify the FE from
previous research [29, 36].

3.2.1. Validation of the FE model using present tests

The experimental and the FE results were compared concerning ultimate
axial load, load-lateral displacement relationships, load-vertical strain
relationships, and load-horizontal strain relationships. The ultimate axial
strength of the experimental (P.ey) and FE (Pueg) results is compared in Table 5.
It is noteworthy that the average value of (Puer/Pueg) Was 0.98, with a standard
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deviation of (Puer/Puexp) Of 0.038. Therefore, the FE analysis accurately
predicted the experimental results for ultimate strength. Additionally, Table 5
compares the strength of FE with the predictions of EC4 (Pgcs) and AISC
(Paisc), which will be discussed in Section 5.1.3. A comparison of the axial load
against horizontal displacement relationships was also made, as shown in Fig.
15. It was observed that the FE model closely aligned with the tested results,
accurately including the overall behavior of the axial load-lateral displacement
curves, the initial stiffness, and the ultimate axial load. Further comparison was
conducted between the axial load against vertical strain and the load against
horizontal strain measured at the middle height position on both the tension and
compression sides of the column; see Fig. 16. It can be noted that the FE results
for vertical and horizontal strain closely matched the tested results; initial
stiffness, ultimate load, and overall curve behavior. According to the
experimental results, the mode of failure was identified as global buckling; see
Fig. 17.

Table 5
Comparison of experimental, FE, and design methods for slender column

SExp. Pueg[KN] Pure  PecalKN] Paisc[KN]  Pure  Peca /Puegp  Paisc/Puexp
HCFST1 772 774 586 517 1.00 0.76 0.67
HCFST1 1024 1015 917 873 0.99 0.90 0.85
HCFST1 880 862 586 546 0.98 0.67 0.62
HCFST1 1100 1052 917 843 0.96 0.83 0.74
Mean 0.98 0.79 0.72
Deviation from the mean 0.038  0.098 0.099
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Fig. 17 Mode of failure FE and test results for the HCFST1 slender column specimen

3.2.2. Verification of results: FE and Reference [29]

The FE was validated using the experimental results from reference [29].
Three CFST slender hexagonal column specimens were used in this validation,
all sharing sectional dimensions (B = 100 mm and t = 3.95 mm); see Fig. 18.
Table 6 presents the geometric properties (B, t, height of column H, 6) and
material properties (steel yield strength (fy) and cubic strength of concrete (fey))
listed.

Comparison with the testing results, including experimental axial strength
(Puexp), FE axial strength (Pueg), and (Pure/ Puesp), is depicted in Table 6. The
arithmetic mean of (Pure/ Puexp) Was 0.93, with a deviation from the mean of
0.05, indicating a close alignment between the FE experimental axial strengths.
Fig. 19 presents another comparison of the axial load against lateral deflection
relationships at middle height. Consequently, the FE model accurately
predicted the experimental results by accounting for the overall behavior of
columns, lateral deflection curves, initial stiffness, and ultimate load.
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correspondence between the experimental strength (P.exy and the FE strength
(Purg) is illustrated in Table 7. The average value of (Purg/ Puexp) Was 0.98,
with a deviation from the mean of 0.07, indicating a close match between the
FE ultimate load and the experimental results. A comparison of the axial load
against lateral displacement relationships at middle height is illustrated in Fig.
20. Consequently, the FE model demonstrated a close correspondence with
the experimental results concerning the overall behavior of columns, lateral
displacement curves, initial stiffness, and ultimate load.

The FE model yielded satisfactory results concerning the experimental
data of the slender concrete-filled columns mentioned above. Consequently,
the FE model of HCFST slender columns could be used to simulate the next
parametric study.

Table 7
Details and comparison of experimental and FE results Ref. [36]

SExp. D[mm] t[mm] Le[mm] fJ[MPa] fy Puexp Pure Pure /Puexp

sc154-3 108 45 4158 374 348 298 291 0.98
sc154-4 108 45 4158 374 348 280 291 1.04
sc149-1 108 45 4023 374 348 318 297 0.94
sc149-2 108 45 4023 374 348 320 297 0.93
scl141-1 108 45 3807 25.4 348 350 377 1.07
sc141-2 108 45 3807 254 348 370 377 1.02
sc130-1 108 45 3510 254 348 400 396 0.99
5c130-2 108 45 3510 254 348 390 396 1.02
5c130-3 108 45 3510 374 348 440 364 0.83

Mean 0.98

Deviation from the mean 0.07

Table 6

Dimensions and experimental and FE results for HCFST slender columns

S Exp. B[mm] t[mm] H[mm] fu[MPa] fy Puexp Pure Pure /Puexp
HCFT1-0a 100 3.95 1500 89 2787 22828 2004.9 0.88
HCFT1-0b 100 3.95 1500 89 278.7 2052.4 2004.9 0.98
HCFT3-0 100 3.95 2000 89 278.7 2357.6 2158.2 0.92
Mean 0.93
Deviation from the mean 0.05
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Fig. 18 Dimension of HCFST Ref [29]
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Fig. 19 Axial load-Lateral deflection at mid-height curve for specimens Ref [29]

3.2.3. Validation of the results: FE and Reference [36]

The FE was validated using the experimental results provided in reference
[36]. Nine CFST slender circular columns [36] were used, with all specimens
having a sectional diameter of (D = 108 mm and t = 4.5 mm), with different
values of effective lengths [Le] and slenderness ratios [4], as detailed in Table
7. Additionally, the material characteristics (steel yield strength (f)) and
compressive strength of concrete (f;’)) were listed in Table 7. The
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Fig. 20 Axial load—-Lateral displacement at mid-height curve for specimens Ref [36]

4. Parametric study

In this part, a parametric study was conducted to simulate the behavior of
HCFST slender columns utilizing the model described in the preceding
section. The variables of the parametric study were the steel's cross-section (D
x B), steel's cross-sectional thickness (t), height of HCFST slender columns
(H), (0 of the cross-section 120°), (a = D/2) and slenderness ration (1), as
detailed in Tables 8 and 9. Additionally, Tables 8 and 9 presented the details
on the steel columns' yield, ultimate (f, and f,), nominal compression strength
of concrete, and the peak load of the FE Pyre. In this study, an initial
imperfection of (L/1000) was considered. Young's modulus and Poison's ratio
of Es = 200 GPa and vs = 0.3 were respectively adopted and used.

4.1. Slenderness ratio (1)
The steel cross-section of dimensions D < B x t (600 %519.62 < 6mm),

yield (f,) and ultimate (fy) strengths of the steel columns (275 and 430 MPa,
respectively), and the nominal compression strength of concrete (f. = 25
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MPa) were examined in this study. Examinations were conducted across
various column slenderness ratios (A) ranging from 7.30 to 182.60, as detailed
in Table 8. Therefore, a comprehensive comparison was made between very
long columns that failed owing to elastic buckling and short-height columns
that failed owing to inelastic buckling. The relationship between peak axial
strength (Pure) and the cross-sectional strength (Puassanein) [8] for different
slenderness ratios (1) is depicted in Fig. 21.

PHassaneif(7df 'ct4.1f rp Ac+f yAg @

@

{20.049170&0.0007943%} sy for 17 SB;D<63
f
p

0.006531}0.0000044E f for 63 SmleS
2t sy 2t

Where As was a steel section area, A. was a concrete section area, and
factor, fr,, was the confinement pressure of regular HCFST.

e [37] ©)

2 ECFW
ADs

Where L. was the length of the effective buckling, Ips was the HCFST
column section's moment of inertia, and Aps was the HCFST's cross-sectional
area.

Fig. 21 illustrates that as the value of (A) increased, the peak axial strength
of the HCFST column decreased. Additionally, it was observed that the
maximum value of A, which describes the limit for short HCFST columns was,
approximately 18. Beyond this limit, the columns were considered slender.
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Fig. 21 Variation of the slenderness ratio (1) with the HCFST's relative capacities

4.2. The thickness (t)

In this part, the effect of steel tube thickness (t) was studied. D < B (300 =
259.81mm) with f,= (235, 275, 355 MPa), f,= (360, 430, 510 MPa), f. = (30,
40 MPa), and a height of (3000, 4000, 5000, 6000mm) were used.

Fig. 22 illustrates the relationship between lateral displacement and axial
load. Generally, the peak axial load decreased as the thickness (t) of the steel
tube decreased. It was observed that all curves exhibited the same trend. It is
noteworthy that increasing the thickness of the steel cross-section led to an
increase in the peak load for HCFST. As shown in Table 9, increasing the
height of the HCFST resulted in a reduction of the peak axial load. The effect
of increasing the thickness of the steel tube (t) distinctly influenced the
enhancement of axial strength for shorter-height columns compared to
longer-height columns. Therefore, it is recommended to increase the thickness
of the tube section at short and medium heights.

—tamm
--=-t=6mm
— -t=gmm

—t=dmm
===-t=6mm

— -t=5mm
— - t=10mm

— . t=10mm

Load [kN]

30 a0 0 0 100 200 300 400 500

Lateral displacement (mm)

(b) H=6000mm

Lateral displacement (mm)

(a) H=3000mm

Fig. 22 Load- Lateral displacement relationship for HCFST in case f,= 235MPa
and fe= 30MPa

4.3. Strength of steel (fy )

In this part, the influence of steel's strength [f,] was studied. D < B (300 <
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259.81mm) with [t] (4, 6, 8, 10mm), f. = (30, 40 MPa), and a height of (3000,
4000, 5000, 6000mm) were used.

The peak axial load results for the HCFST slender columns' were
presented in Fig. 23. Generally, it was observed that the peak axial load
increased with increasing values of [fy]. As shown in Table 9, increasing the
height of the HCFST led to a reduction in the peak load. It was deduced from
Table 9 that there was an average increase of approximately 15% in the
ultimate axial load with an increase in yield strength.

44000 —
= | 40000 Z 1 4000
é 36000 % 3600
2 | 32000 £1 200
wfy=235MPa :E 28000 ufy=235MP3 = e
" iy=275MPa 3 Bt ufy=275MPa Z e
fy=355MPa = B Hy=355MPa £ 000
[=! 16000 = 1600
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m 800.0 bt 800
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Fig. 23 Comparison of ultimate axial load for HCFST slender columns in
case of; (H=3000mm and f.= 30MPa)

4.4. Concrete strength (f; )

In this part, the influence of concrete strength (f;) was studied. D < B (300
% 259.81mm) with t= (4, 6, 8, 10mm), f,= (235, 275,355 MPa), f,= (360,
430,510 MPa) and a height of (3000, 4000, 5000, 6000mm) were used.

Fig. 24 presents the peak axial load results for the HCFST slender
columns'. Generally, an increase in the steel cross-section's thickness (t)
correlates with an increase in the peak axial load for HCFST slender columns.
It is noteworthy that the peak axial load increases with increasing values of f,
as illustrated in Table 9. Moreover, increasing the height of the HCFST leads
to a decrease in the peak load. In reference to Fig. 24 and the results illustrated
in Table 9, it is evident that the increase in peak load is clearly observed in the
short-height column and could be disregarded in the long-height column
regardless of changes in tube thickness. Therefore, it is recommended that in
normal concrete, there is no need to increase the concrete strength (fc).
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g
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P
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H=3000mm = 6000mm
Fig. 24 Comparison of ultimate axial load for HCFST slender columns in case of;
(t=6mm and f, = 235MPa)

4.5. The height (H)

This part studied the impact of height (H). D < B (300 %<259.81mm) with
f, (235, 275,355 MPa), f, (360, 430,510 MPa), respectively f. (30, 40 MPa),
and t (4, 6, 8, 10mm) were studied.

Fig. 25depicts the relationship between axial load and lateral
displacement. Generally, the peak load of HCFST slender columns' decreased
as the height of HCFST increased. However, the decreases in the short-height
column were large compared to the long-height column. The results indicate
that the peak load for HCFST increased as the thickness of the steel
cross-section increased, as indicated in Table 9.

T H=soomm ——H=3000mm
= ==-H=4000mm o Heag00mm
 -Hesemomm — ~H=5000mm
— - H=6000mm  eecomm
“~—— (a) t=4mm (b) t=10mm
c; 100 200 300 400 500 0 100 200 300 400 500

Lateral displacement (mm) Lateral displacement (mm)

Fig. 25 Load- Lateral displacement relationship for HCFST in case fy= 235MPa
and fe= 30MPa
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Table 8
Slenderness of the HCFST columns
Column H[mm] D[mm] B[mm] t[mm] a[mm] fy[MPa] fo[MPa] A Pure[KN]
HC1 1000 600 519.62 6 300 275 25 7.30 7684
HC2 2000 600 519.62 6 300 275 25 14.60 7685
HC3 3000 600 519.62 6 300 275 25 21.90 3777
HC4 4000 600 519.62 6 300 275 25 29.20 3513
HC5 5000 600 519.62 6 300 275 25 36.50 3480
HC6 6000 600 519.62 6 300 275 25 43.80 3426
HC7 7000 600 519.62 6 300 275 25 51.10 3390
HC8 8000 600 519.62 6 300 275 25 58.40 3352
HC9 9000 600 519.62 6 300 275 25 65.70 3280
HC10 10000 600 519.62 6 300 275 25 73.00 3188
HC11 11000 600 519.62 6 300 275 25 80.30 3170
HC12 12000 600 519.62 6 300 275 25 87.60 3148
HC13 13000 600 519.62 6 300 275 25 94.90 2900
HC14 14000 600 519.62 6 300 275 25 102.20 2873
HC15 15000 600 519.62 6 300 275 25 109.50 2690
HC16 16000 600 519.62 6 300 275 25 116.85 2524
HC17 17000 600 519.62 6 300 275 25 124.15 2300
HC18 18000 600 519.62 6 300 275 25 131.45 2128
HC19 19000 600 519.62 6 300 275 25 138.75 2000
HC20 20000 600 519.62 6 300 275 25 146.00 1948
HC21 21000 600 519.62 6 300 275 25 153.35 1789
HC22 22000 600 519.62 6 300 275 25 160.65 1668
HC23 23000 600 519.62 6 300 275 25 168.00 1599
HC24 24000 600 519.62 6 300 275 25 175.30 1501
HC25 25000 600 519.62 6 300 275 25 182.60 1414
Table 9
Comparison between FE results and design methods of slender columns
Column H[mm] tfmm] fy[MPa] f.[MPa] Pure[KN] PecaKN] Paisc[KN] Peca / Pure Paisc / Pure
C1 3000 4 235 30 1814 1539 1372 0.85 0.77
(67 3000 6 235 30 2161 1533 1368 0.71 0.63
C3 3000 8 235 30 2603 1528 1364 0.59 0.52
C4 3000 10 235 30 3052 1523 1360 0.50 0.45
C5 4000 4 235 30 1524 1539 1271 1.01 0.83
C6 4000 6 235 30 1887 1533 1267 0.81 0.67
c7 4000 8 235 30 2185 1528 1263 0.70 0.58
Cs8 4000 10 235 30 2624 1523 1259 0.58 0.48
C9 5000 4 235 30 1277 1538 1152 1.20 0.90
C10 5000 6 235 30 1694 1533 1148 0.91 0.68
C11 5000 8 235 30 2100 1528 1145 0.73 0.55
C12 5000 10 235 30 2515 1523 1141 0.61 0.45
C13 6000 4 235 30 1205 1538 1022 1.28 0.85
Cl4 6000 6 235 30 1650 1533 1018 0.93 0.62
C15 6000 8 235 30 2023 1528 1015 0.76 0.50
C16 6000 10 235 30 2478 1523 1011 0.61 0.41
C17 3000 4 275 30 2232 1772 1560 0.80 0.70
C18 3000 6 275 30 2484 1767 1556 0.71 0.63
C19 3000 8 275 30 2875 1762 1551 0.61 0.54
C20 3000 10 275 30 3224 1757 1548 0.55 0.48
c21 4000 4 275 30 1686 1772 1428 1.05 0.85

C22 4000 6 275 30 2094 1767 1424 0.84 0.68
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C76 5000 10 275 40 2988 1807 1287 0.60 0.43
cr7 6000 4 275 40 1439 1827 1130 1.27 0.79
C78 6000 6 275 40 1963 1820 1125 0.93 0.57
C79 6000 8 275 40 2429 1813 1121 0.75 0.46
C80 6000 10 275 40 2963 1807 1117 0.61 0.38
C81 3000 4 355 40 2543 2295 1955 0.90 0.77
Cc82 3000 6 355 40 3122 2288 1949 0.90 0.62
C83 3000 8 355 40 3729 2281 1944 0.73 0.52
Cc84 3000 10 355 40 4222 2274 1938 0.61 0.46
C85 4000 4 355 40 2270 2295 1745 1.01 0.77
C86 4000 355 40 2750 2288 1740 0.83 0.63
c87 4000 8 355 40 3312 2281 1735 0.69 0.52
C88 4000 10 355 40 3665 2274 1729 0.62 0.47
C89 5000 4 355 40 1909 2295 1509 1.59 1.05
C90 5000 355 40 2575 2288 1503 1.17 0.77
ca1 5000 8 355 40 3148 2281 1498 0.94 0.62
C92 5000 10 355 40 3473 2274 1493 0.77 0.50
C93 6000 4 355 40 1746 2295 1262 131 0.72
C94 6000 355 40 2446 2288 1258 0.94 0.51
C95 6000 8 355 40 2745 2281 1253 0.83 0.46
C96 6000 10 355 40 3210 2274 1249 0.71 0.39

Mean 0.81 0.60
Standard deviation 0.22 0.14
5. Design methods
Eleff=Egl s+keEclc (1)

5.1. Available design methods

In this part, available design strength methods for CFST slender columns

were discussed in the case of compact cross-sections.

5.1.1. EN 1994-1-1(EC4) [37]

For a CFST column's ultimate axial capacity, used the EN 1994-1-1 (EC4)

[37] equation (Pec4) as known by Eq. (4).

PEc4=2Ppl,Rd

@

Where Ppgr¢ was the plastic strength to axial compression with
consideration for the confinement concrete when the ratio of slenderness (A)
did not exceed 0.5, as seen in the following:

f
) Actc@n i4)+Asfy DA <05
P bR~ cDf’c
’ Acf'crAgfy S2 > 05

772=0.25(3+2A')<1.0

2
n o= 49 - 1854 +174 =20

2= |PpLRA (6:30)
Per

Ppl,Rd (6.30)=0-85T Ac+ f yAs

7% (Eleff)
Per= >
(Le)

®)

(6)

0]

®

)

(10)

k:=0.6

Where (Eles) was the effective elastic flexural stiffness, L. was the
element's effective height, P, was the elastic critical buckling, and k. was a
correction factor.The reduction factor (y) was:

J=—F—<
(+ $2-22)

<1.0

$=0.5(L+ar (A~ ') +A2)

a=0.34

A'9=0.2

5.1.2. AISC specification [38]
Provided the equation for a CFST column's ultimate axial capacity (Paisc)
by the AISC specification [38] Eq. (14).

Palsc=

P [0.658( Pnof pe)]
no

0.877pe

El .=E_1 _+C
S S

eff

Cl1=0.7

lECIC

Pno ;o5
Pe

2 Pno_so5

Pe

(12)

(13)

(14)

(15)
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5.1.3. Comparison and discussion

In this section, an initial comparison was conducted between the peak
design strength of square CFST slender columns and the experimentally
determined peak strength of HCFST slender columns, as explained in Section
2.3. Table 5 displays a comparison of the experimental results with the peak
load calculated by EC4 and AISC. The average peak load ratio of the Pecs [37]
to the experimental (Pecs/Puep) Was 0.79, with a deviation from the mean of
0.098. Additionally, the ratio of Paisc [38] to the experimental (Paisc/Puexp) had
mean of 0.72, with a standard deviation of 0.099. Secondly, comparisons were
made between the peak design strength of square CFST slender columns and
the parametric study conducted using the FE model of HCFST slender
columns. Table 9 displays a comparison of the FE results with the ultimate
load as determined by EC4 and AISC. The average peak load ratio of the Pgcs
[37] and FE results (Peca/Puex) Was 0.81, with a standard deviation of 0.22.
Similarly, the average ultimate load ratio between the Pasc [38] and the FE
results (Paisc/Pue) Was 0.60, with a deviation from the mean of 0.14. Based
on the results in Tables 5 and 9, it was observed that the design strength
derived from the EN 1994-1-1 (EC4) design method gave unconservative
results for smaller thicknesses (4mm) of steel tubes, while it provided
conservative results for larger thicknesses of steel tubes in HCFST slender
columns. Conversely, the AISC specification yielded conservative results
across all thicknesses of steel tubes for HCFST slender columns. From the
previous comparison, it was concluded that AISC can be used for tubes with
small thicknesses up to 4mm, while EC4 is suitable for tubes with thicknesses
above 4mm.

6. Conclusions

An experimental and FE model investigation of axially loaded HCFST
slender columns has been provided in this paper. The experiments and the FE
model aim to study the impact of both the cross-section and concrete strength
on the strength and behavior of HCFST slender columns.

Building upon the present experimental results and FE model
investigations, the following conclusions could be drawn:

1. Itis noted that the ultimate load values for hexagonal slender columns
increased with the increase in cross- sectional dimensions. However, it was
observed that reducing the height of HCFST slender columns led to an increase
in ultimate load values.

2. The mode of failure observed in the present HCFST slender columns
was predominantly global buckling, a phenomenon consistently observed for
all columns, particularly in column HCFST1.

3. The experimental results provided a reliable prediction of the FE
model's peak axial strength. The observed mode of failure, consistent with the
experimental results, was global buckling.

4. It was determined that the maximum value of A, representing the limit of
short HCFST columns, was approximately 18. Beyond this limit, the columns
were considered slender.

5. The peak axial load for HCFST slender columns increased as the values
of (t, f, and f,) increased.

6. Increasing the thickness of the steel tube (t) had a clear effect on
enhancing the axial strength of shorter-height columns compared to
longer-height columns. Consequently, it is recommended to increase the
thickness of the tube section at short and medium heights.

7. Itis noted that there was an average increase of approximately 15% in
the peak axial load associated with an increase in yield strength.

8. It was observed that the increase in peak axial load was clearly evident in
the short-height column and could be disregarded in the long-height column,
irrespective of changes in tube thickness. Therefore, it can be recommended
that there is no need to increase the concrete's strength (f;) in normal concrete.

9. It was observed that the design strength based on the EC4 design method
yielded unconservative results for smaller thicknesses (4mm) of steel tubes
while providing conservative results for larger thicknesses of steel tubes in
HCFST slender columns. Conversely, the AISC specification yielded
conservative results across all thicknesses of steel tubes for HCFST slender
columns.

Recommendations

1- It is recommended to increase the tube thickness for columns of short and
medium heights.

2- It is advisable that in normal concrete, there is no need to increase the
concrete's strength (f;).

3- It is recommended to use the design strength specifications of AISC for
tubes with thicknesses up to 4mm and EC4 for tubes with other thicknesses.

328

Finally, it is recommended to conduct additional experimental tests to
examine the analysis of HCFST slender columns using high-strength concrete
and steel with various cross-sections.
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