Engineering Structures 342 (2025) 120962

Contents lists available at ScienceDirect

ENGINEERING
STRUCTURES

Engineering Structures

FI. SEVIER

journal homepage: www.elsevier.com/locate/engstruct

Check for

Analysis and design of slender square concrete-filled double-skin stainless [
steel tubular columns

M.F. Hassanein >”, Amr E.K. Mohamed “¢, K.A. Cashell ¢, Marina Bock , Yilinke Tan ™",
Mohamed M.A. Hussein “, Yong-Bo Shao*

@ School of Architecture and Civil Engineering, Xihua University, Chengdu, Sichuan 610039, China

Y Department of Structural Engineering, Faculty of Engineering, Tanta University, Tanta, Egypt

¢ Department of Civil Engineering, Faculty of Engineering, Sohag University, Sohag, Egypt

4 Department of Civil Environmental and Geomatic Engineering, UCL, London, UK

€ College of Engineering and Physical Sciences, Department of Civil Engineering, Aston University, Birmingham, UK

ARTICLE INFO ABSTRACT

Keywords:

Stainless steel

Square tubes

CFDST

Slender columns

Global buckling

Finite element analysis
Axial design strength
Strength-to-weight ratio

This study investigates the structural behaviour and ultimate strength of slender square concrete-filled double-
skin tubular (CFDST) columns comprising stainless steel outer tubes and carbon steel inner tubes. A validated
finite element model was used to conduct an extensive parametric study examining the influence of slenderness,
material properties, hollow ratio, and interfacial contact behaviour. The results highlight slenderness as the
dominant factor affecting buckling resistance, with two slenderness thresholds proposed to delineate short,
intermediate-length, and long columns. The slenderness ratio of the outer tube showed negligible effect on
normalised strength and lateral deflection behaviour, confirming slenderness as the principal parameter con-
trolling failure. Concrete strength notably influenced the post-peak response of intermediate-length columns but
had minimal effect on long columns. The hollow ratio had a limited impact on axial strength but significantly
improved the strength-to-weight ratio due to reduced column weight. Contact pressure analyses revealed
maximum values at the section corners, decreasing with increased slenderness and reducing to zero at the mid-
span of the sides. Among existing design provisions, AISC 360-16 demonstrated the greatest accuracy, with
predictions typically within +£10 % of the finite element results. Existing design methods were evaluated, and
two new design models are proposed, validated, and shown to provide improved accuracy and practical appli-
cability for slender square CFDST columns. The proposed design models are presented in a simplified and
practical format to facilitate ease of application in engineering practice, while providing a robust and reliable
framework for structural design.

1. Introduction high-rise buildings and other structures subjected to heavy compressive

loads [2]. Such applications are regularly found in marine, off-shore and

Columns are essential members in many structural applications as
they transfer vertical loads to the foundations and provide overall sta-
bility and strength by resisting both compression and bending forces. A
particular type of column that has gained attention in recent years is the
concrete-filled double-skin tubular (CFDST) column, which comprises
two concentric steel tubes with concrete infill in the region between the
two sections [1]. These columns have seen growing application in
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industrial settings where durability and thermal resistance are other
significant challenges, as well as the heavy loads. In response, re-
searchers have studied the use of stainless steel for the outer steel section
[3-10]. However, the behaviour of slender CFDST columns with a
stainless steel outer section is much less studied. Researchers have
investigated slender members but with a carbon steel outer sections,
including under fire conditions [11-19].
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Stainless steel has excellent structural properties, including
outstanding load-bearing capacity, ductility [20] and exceptional
durability [21] as well as fire resistance [19,22-24] and corrosion
resistance [25,26]. As a result, many CFDST configurations have adop-
ted a stainless steel outer tube and an inner carbon steel tube [4,5,7,8],
making them particularly suitable for aggressive or marine environ-
ments. Recent studies have focused on the axial behaviour of square
CFDST short columns with stainless steel outer tubes [4,5,7,10,27,28],
due to their ease of integration with beams in building frames. However,
while these short columns offer practical advantages, they are limited in
their application. In real-world design scenarios [29,30], slender CFDST
columns are more prevalent (as shown in Fig. 1). Unlike short columns,
which typically fail due to local buckling of the steel tubes and crushing
of the concrete core, slender columns tend to fail by overall (global)
buckling. Accordingly, several recent studies have investigated the
buckling performance of square composite slender columns with carbon
steel tubes [31-36], with results evaluated against major design codes
such as AISC 360-10 [37], AISC 360-16 [38], Eurocode 4 (EC4) [39],
and AS/NZS 2327 [40]. While some of these studies have included
advanced cross-sections (see Fig. 2), slender square CFDST columns with
stainless steel outer tubes and carbon steel inner tubes remain
unexamined.

It is important to note the different design approaches adopted by
major codes. Only AISC [37] differentiates between elastic overall
buckling (long columns) and inelastic buckling (intermediate-length
columns), using separate hyperbolic and parabolic design curves with a
non-dimensional slenderness limit of 1.5. In contrast, EC4 [39] and
AS/NZS 2327 [40] apply a single design expression across the full
slenderness range. EC4 is based on the Ayrton-Perry approach, incor-
porating equivalent imperfections and a plateau for non-dimensional
slenderness values below 0.2 (for carbon steel) or 0.4 (for stainless
steel) [41,42]. All three of these standards derive the design strength of
slender composite columns from the plastic compressive resistance of
the cross-section — a value recently calibrated for short square CFDST
columns with stainless steel outer tubes [5]. However, the different
approaches between the design codes warrant further investigation,
particularly for slender composite members.

As stated before, the global buckling behaviour and design of slender
square CFDST columns with stainless steel outer tubes and carbon steel
inner tubes have not yet been studied. As such, to address this knowl-
edge gap, the current paper proceeds with a description of a finite
element model which was developed to investigate the axial compres-
sive behaviour of such members (see Fig. 3). Following validation, the
model was used to perform a parametric study, examining the influence
of key parameters on the axial capacity of slender square CFDST col-
umns. The ultimate strengths predicted by the FE simulations are
compared with design strengths obtained using existing code provisions
[38-40], and new design approaches are proposed in order to overcome
deficiencies in the existing methods.

(b)
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2. Finite element model
2.1. General

To investigate the axial compressive behaviour of slender square
CFDST columns, a finite element (FE) model was developed using
ABAQUS [43] to facilitate an extensive parametric study. A review of the
literature reveals that experimental investigations specifically targeting
this type of column are extremely limited. However, a number of rele-
vant experimental studies on slender double-skin composite columns
were identified and are used herein to validate the developed FE model.
These include square concrete-filled dual tube steel tubular (CFDT)
columns tested under axial compression [44], circular CFDT columns
[36], square CFDST columns [45], and square concrete-filled stainless
steel tubular (CFSST) columns [46]. Validation was carried out by
comparing the predicted load-displacement behaviour and ultimate
capacities obtained from the FE model with the corresponding experi-
mental results.

2.2. Material modelling

The stress (o5)-strain (g5) behaviour of carbon steel was modelled
using the five-stage constitutive model proposed by Han et al. [47,48],
as shown in Fig. 4(a). This model has been widely adopted in previous
studies [36,48] and was shown to accurately capture the mechanical
response of carbon steel under compression. The stress—strain relation-
ship is defined by the following equation:

Eses & <e.
—Ae? +Beg+Ce <& < eq
fy €e1<85§8e2
€ — Ee2)
f+(f ,f)(sie
Y B y (8e378e2)

fu € > €3

€9)
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In this expression, E, fy, and f; are the elastic modulus, yield stress,
and ultimate stress of steel, respectively, and with reference to Fig. 4(a),
ee=fp/Es, fy= 0.8fy, €e1= 1.5¢, €e2= 10€,1, £e3= 100¢,1, and the constants
A, B and C are determined from: A= O.2fy/(ee1-ee)2, B= 2A¢,1,
C= 0.8fy+Aef-Bee. The elastic modulus and Poisson’s ratio of the carbon
steel were taken as 210 GPa and 0.3, respectively.

For stainless steel, the two-stage Ramberg-Osgood (R-O) material
model was adopted which is characterised by a gradual transition from
elastic to plastic response [49-51]. This model effectively captures the
rounded nature of the stress—strain curve, as illustrated in Fig. 4(b). The
two-stage R—O model is defined using three fundamental parameters:
the Young’s modulus E;, the yield strength f,, and the strain-hardening
exponent n. The stress—strain relationship for the R-O model is given

Fig. 1. Real-world applications of CFST and CFDST columns: (a) CFDST electricity pole [29], (b) CFST columns of Beijing Fortune Plaza [30] and (c) CFST columns of

the terminal of Tianfu International Airport [30].
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(a) Hassanein et al. [31]

(b) Zhang et al. [32]

(c) Hassanein et al. [33]
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(d) Chen et al. [34], Ahmed et
al. [35] and Wang et al. [36]

Fig. 2. Square cross-sections considered in recent investigations on slender CFDST columns.

4— Stainless steel tube

— Sandwiched concrete

Carbon steel tube

Fig. 3. Cross-section of Square-square CFDST column.
by Eq. (2):
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where f; is the ultimate stress, ¢, is the ultimate strain (strain at f,), f, is
the yield stress determined as the 0.2 % proof stress, &g 2 is the corre-
sponding strain, Ey 3 is the tangent modulus of the stress-strain curve at
the yield stress and n and m are the first and second strain hardening
exponents, respectively, defined as given in Eq. (3) and Eq. (4) [50]:
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where fo,¢7 is the 0.01 % proof stress
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Ep.2, &, and f,, are determined as:

E
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The ultimate strain is calculated using Eq. (6) [18]:
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It is noteworthy that ABAQUS [43] requires the engineering stress
Geng Versus engineering strain ee,,g to be converted into true stress cyye
versus true plastic strain epmie, in accordance with the following
expressions:

Otrue — Geng.(l + 8eng.) (8)

c
e = In(1 + €eng ) —% (C)]

'S

The infill concrete was modelled using the concrete damaged plas-
ticity (CDP) model available in ABAQUS. The CDP model is a widely
used constitutive model for simulating the nonlinear behaviour of con-
crete under various loading conditions. It captures both tensile cracking
and compressive crushing through separate damage mechanisms,
allowing for a realistic representation of concrete’s inelastic response.
Tensile damage is characterised by the initiation and propagation of
cracks, which reduce the material stiffness and lead to progressive
degradation under increasing tensile strains. Compressive damage, on
the other hand, reflects the material softening associated with crushing

Stress (os)

A Ey;
f)‘} ——

0.002

- 30 2 o Strain (&)
(b) Stainless steel

Fig. 4. Stress-strain curve of steel material.
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and localised failure under high compressive stress. The model in-
corporates lateral dilation, representing the volumetric expansion that
occurs as concrete yields, particularly under confined or triaxial stress
states. This dilation effect is governed by a non-associated flow rule,
which helps simulate the pressure-dependent nature of concrete plas-
ticity. Its ability to represent stiffness degradation and confinement ef-
fects makes it a powerful tool for capturing the complex failure
mechanisms of concrete in both structural and material-level simula-
tions. Herein, the uniaxial stress-strain relationship proposed by Han
et al. [52] was adopted to represent the compressive behaviour of
concrete, as illustrated in Fig. 5. This figure illustrates the evolution of
the concrete stress-strain response during incremental loading. Initially,
the response is linear elastic, followed by the onset of plastic deforma-
tion beyond strain ¢,, as predicted by the CDP model. As loading pro-
gresses, damage accumulates, and stiffness degradation becomes
evident, leading to softening behaviour near peak stress. The elastic
modulus of concrete was calculated using the ACI 318 [53] formula
given as E. = 4700./f/, where f; is the cylindrical compressive strength
of concrete in MPa. The Poisson’s ratio was taken as 0.2.

The CDP model requires the definition of five plasticity parameters,
taken as follows: the dilation angle was taken as 40° for square sections,
the flow potential eccentricity was 0.1, the biaxial-to-uniaxial
compressive strength ratio was 1.16, the viscosity parameter was
1 x 107> and the stress invariant ratio (fvo/fco) was 0.667.

The compressive stress—strain behaviour of concrete was defined as:

o) () e

/e ,
[m] £ e>e,

(10

where g,=¢.+ 800:%2x 107 and .= (1300 +12.5 f;)x 107°. ¢ is the

confinement factor and was calculated as ¢ = '}:f’:, Ay and A, are the

cross-sectional areas of the outer steel tube and concrete, respectively,
fyo is the yield stress of the outer stainless steel tube and fx is the
characteristic strength of the concrete, corresponding to 0.67f, for
normal strength concrete, where f, is the cubic compressive strength of
the concrete. The parameters 7 and f, are defined as follows:

2 for circular sections

= 1.5¢, an
" 1.6+ TS for square sections
Stress (6c)
!
Circular section
Square section
& .
0 Strain (g)

Fig. 5. Stress-strain curve of confined concrete material.
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For the tensile behaviour, a linear elastic response was assumed up to
the tensile strength, followed by a softening branch governed by the
fracture energy Gr. The tensile strength of concrete was taken as 0.1 f,’,
and the fracture energy was calculated using:

£\ %7
Gr = (0.0469d s — 0.5dmax + 26) <ﬁ> N / m (13)

where dpqy is the maximum nominal aggregate size, taken as 20 mm.

2.3. Interaction, boundary, and loading conditions

The surface-to-surface interaction approach was adopted to model
the contact behaviour between the concrete infill and the steel tubes, as
recommended by previous studies [33]. For the normal contact behav-
iour, the hard contact formulation was used. For the tangential contact, a
Coulomb friction model was employed. The coefficient of friction was
set to 0.6 for concrete-to-carbon steel contact [28,54] and 0.25 for
concrete-to-stainless steel contact [55]. To replicate the boundary con-
ditions of the physical tests and simulate the effective buckling length
(L) of the columns, steel end plates were modelled at the top and bottom
of the column. These end plates represented the pinned (triangular
hinge) supports used in the experimental setups. Two reference points,
denoted as RP1 (bottom) and RP2 (top), were introduced at the cen-
troids of the respective end plates. The "Tie" constraint was applied to
ensure full composite action between the steel tubes and the end plates,
as well as between the concrete core and the steel plates. On the other
hand, the "Coupling" constraint was used to link the two end plates with
the reference points RP1 and RP2. At the bottom reference point (RP1),
all translational and rotational degrees of freedom were restrained,
except rotation about the x-axis, in order to allow for global buckling,
which is characteristic of slender columns. At the top reference point
(RP2), the x- and z-translations were fixed, while rotation about the
x-axis remained unrestrained, maintaining symmetry and allowing
buckling deformation. The axial compressive load was applied at the top
of the column (RP2) through displacement-control, by imposing a ver-
tical displacement of —15 mm in the direction of the column axis (Ug
direction). This approach allowed for the capture of post-peak behav-
iour. The overall boundary and loading conditions are illustrated in
Fig. 6(a), which shows the configuration applied to the slender columns.

2.4. Mesh and solution procedure

The three-dimensional eight-noded linear brick element (C3D8R)
was employed to simulate the steel tubes, infill concrete, and end plates.
A mesh sensitivity study was conducted to achieve a balance between
computational efficiency and result accuracy. Three mesh sizes — B,/
10, B,/6, and B,/5 — were evaluated in the analysis. Fig. 7 shows a
comparison of the FE results obtained using these mesh sizes using
specimen S1-3b [46]. The discrepancies between the FE and experi-
mental ultimate loads for the B,/10, B,/6, and B,/5 mesh sizes were
2%, 5 %, and 3 %, respectively. However, the B,/10 and B,/5 meshes
resulted in overestimated column stiffness values compared to B,/6, as
illustrated on the right-hand side of Fig. 7. Based on this study, the mesh
size in the cross-sectional direction was set as B, (or D,)/6, while the
mesh size along the longitudinal direction of the column was defined as
twice the cross-sectional size. B, and D, are the outer width, or diameter,
of the CFDST. The resulting mesh is shown in Fig. 6(b).

The analysis was performed in two main steps. First, a linear bucking
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Ui=U3=UR2=UR3=0
U2=-15 mm

Outer steel tube

Sandwiched concrete
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Section A-A

Ui=U2=U3=UR2=UR3=0

(a) Loading and boundary conditions

Inner steel tube

(b) Mesh

Fig. 6. Three-dimensional FE model of slender square-square CFDST columns.
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Fig. 7. Mesh sensitivity analysis for S1-3b [46].

analysis was conducted using the "Buckle" procedure in ABAQUS, which
utilises an eigenvalue solver to determine the global buckling mode
shapes. The first-mode shape from this step was subsequently used to
define initial geometric imperfections in the second step, which was a
nonlinear analysis. This involved a geometrically and materially
nonlinear analysis using the "Static, General" procedure. To simulate
global buckling failure, which is typical in slender columns, initial
geometric imperfections were introduced into the model using the
"IMPERFECTION" keyword. These imperfections were based on the
buckling mode obtained in the first step and scaled appropriately.

For carbon steel columns, a global imperfection amplitude of L/1000
was adopted, following previous studies [32,36]. In contrast, for stain-
less steel columns, no universally accepted imperfection value exists.
Hence, a parametric sensitivity study was carried out to determine the
most appropriate imperfection amplitude. Four values were examined:
L/1000, L/5000, L/8000, and L/10000. Fig. 8 presents a comparison
between the FE predictions and experimental results for a square
stainless steel CFST column using these values. The best agreement was
found for L/5000, which was subsequently adopted in the model. This

value is also supported by the findings of Hassanein and Kharoob [55]
and An et al. [56]. To capture large deformation effects, the *nonlinear
geometry option (NLGEOM) was activated. The displacement increment
settings were defined as 0.001 (initial), 1 x 107! ® (minimum), and 0.01
(maximum), and the total analysis time for the nonlinear step was set to
1.0.

2.5. Validation

The accuracy of the FE model was verified by comparing the nu-
merical results against available experimental data. The validation
focused on comparisons of axial load versus mid-height lateral deflection
curves, ultimate axial load capacity, and the failure modes observed in
both simulations and tests. Table 1 provides the geometric and material
properties of the tested specimens, including the thicknesses of the outer
and inner steel tubes, t, and t;, respectively, the widths (or diameters) of
the outer and inner tubes, B, (or D,) and B; (or D;), respectively, the yield
strengths of the outer and inner steel tubes, f,, and fy;, respectively, and
the concrete compressive strengths f,. In the case where there is core
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Fig. 8. Global imperfection sensitivity analysis of slender stainless steel columns.
Table 1

Dimensions and material properties of the slender columns.

Ref. Specimen D, (B,) (mm) t, (mm) D; (B) (mm) t; (mm) L (mm) 2 fyo (MPa) fi (MPa) fe (fe)) (MPa)

Carbon steel outer tube

Zhu et al. [44] L1200-C50-t4.4-6 200.0 4.40 120 4.35 1200 20.8 337.0 339.0 46.5 (34.9)
L1600-C50-t4.4-8 200.0 4.40 120 4.35 1600 27.7 337.0 339.0 46.5 (34.9)
L2000-C50-t4.4-10 200.0 4.40 120 4.35 2000 34.6 337.0 339.0 46.5 (34.9)
L1600-C60-t4.4-8 200.0 4.40 120 4.35 1600 27.7 337.0 339.0 54.0 (34.9)
L1600-C70-t4.4-8 200.0 4.40 120 4.35 1600 27.7 337.0 339.0 62.9 (34.9)

Wang et al. [36] CCS1-1 127.0 3.00 48 1.90 1250 39.4 319.7 326.7 43.2
CCS1-2 127.0 3.00 60 2.36 1250 39.4 319.7 336.2 43.2
CCS1-3 127.0 3.00 48 1.90 1600 50.4 319.7 326.7 43.2
CCS1-4 127.0 3.00 60 2.36 1600 50.4 319.7 336.2 43.2
CCS2-1 140.0 3.00 48 1.90 1600 45.7 329.3 326.7 43.2
CCS2-2 140.0 4.00 76 2.92 1600 45.7 309.5 311.9 43.2
CCS2-3 140.0 4.00 76 3.75 1600 45.7 309.5 340.1 43.2

Han et al. [45] scbe4-1 120.0 3.00 58 3.00 2136 58.0 275.9 374.5 39.1
scbe4-2 120.0 3.00 58 3.00 2136 58.0 275.9 374.5 39.1

Stainless steel outer tube

Uy et al. [46] S1-1a 100.3 2.76 - - 300 15.2 390.3 - 36.3
S1-1b 100.3 2.76 - - 300 15.2 390.3 - 75.4
S1-2a 100.3 2.76 - - 1200 46.3 390.3 - 36.3
S1-2b 100.3 2.76 - - 1200 46.3 390.3 - 75.4
S1-3b 100.3 2.76 - - 2400 87.7 390.3 - 75.4

concrete, the value of f,; is provided. Table 2 compares the ultimate axial
loads obtained from the FE model (N rr) and the experimental tests
(Nyi,exp). The average Ny pp/Nuygpxp ratio for the slender composite
columns was found to be 0.99, with a standard deviation of 0.051,
indicating excellent agreement. Additionally, Fig. 9 illustrates the rela-
tionship between Ny rr and Ny ey, showing that all data points lie
within a + 10 % deviation band.

Further validation is presented in Fig. 10, where the numerical and
experimental axial load-lateral deflection curves are compared. The
numerical results closely match the experimental ones, particularly in
terms of initial stiffness and overall structural response. This strong
correlation confirms the model’s ability to simulate the nonlinear
behaviour of slender composite columns of different cross-section
shapes under axial compression.

To validate the predicted failure modes, Fig. 11 and Fig. 12 compare
the final deformed shapes of the outer and inner steel tubes and the
concrete cores between the FE model and the test results of Wang et al.
[36]. All circular specimens exhibited global buckling failure. Fig. 11(a)
and Fig. 11(b) show the bending deformation of the outer and inner steel
tubes, respectively, while Fig. 12 presents the deformation patterns and
plastic strain distributions in the concrete cores. The FE model accu-
rately captured the observed crushing and cracking zones in the

concrete, demonstrating a high level of consistency with the experi-
mental findings. Additional comparisons were made for square slender
columns. Fig. 13 and Fig. 14 show the global buckling failure modes
obtained from the FE model and experimental tests of Han et al. [45] and
Uy et al. [46], respectively. The FE predictions successfully reproduced
the global buckling shapes of square concrete-filled double-skin tubular
(CFDST) specimens and square stainless steel tubular composite col-
umns, further confirming the model’s robustness.

To verify the material constitutive models used, an additional vali-
dation exercise was performed on short square CFDST columns with
outer stainless steel tubes, using the experimental data from Wang et al.
[4]. Table 3 summarises the properties of these specimens, while Table 4
compares the numerical and experimental ultimate loads. The average
value of Ny re/Nuyexp was 1.01, with a standard deviation of 0.068,
again showing strong agreement within a + 10 % margin. The small
discrepancies are attributed to the use of average concrete strengths
from three test cylinders and other practical factors such as material
variability. Also, comparisons between the FE and experimental axial
load versus axial strain curves have been made to further ensure the
accuracy of the FE model as shown in Fig. 15. A significant convergence
between the curves was observed. However, the higher initial stiffness
from FE simulations relative to the experimental curves arise from the



M.F. Hassanein et al.

Table 2
Comparisons between FE and experimental load carrying capacities of slender
CFDST columns.

Ref. Specimen Nuit, Exp. Ny re. Nuire / Nug,
(kN) (kN) Exp.
Zhu et al. [44] L1200-C50- 3267 3300 1.01
t4.4-6
L1600-C50- 3115 3245 1.04
t4.4-8
L2000-C50- 2913 3193 1.10
t4.4-10
L1600-C60- 3289 3409 1.04
t4.4-8
L1600-C70- 3515 3603 1.03
t4.4-8
Wang et al. CCS1-1 840 849 1.01
[36] CCS1-2 956 892 0.93
CCS1-3 760 797 1.05
CCS1-4 820 839 1.02
CCSs2-1 1042 952 0.91
CCS2-2 1120 1122 1.00
CCS2-3 1160 1177 1.01
Han et al. [45] scbe4-1 920 842 0.92
scbc4-2 868 842 0.97
Uy et al. [46] Sl-la 768 717 0.93
S1-1b 1091 1063 0.97
S1-2a 697 666 0.96
S1-2b 1023 978 0.96
S1-3b 684 653 0.95
Avg. 0.99
SD. 0.051
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Fig. 9. Comparisons between Ny rz and Ny pxp-

assumption of a uniform concrete compressive strength along the
member’s length and across its cross-section. Additionally, variations
between the numerical and experimental results can be attributed to
human errors during testing, slippage at the supports and loading points,
as well as electrical interference affecting the strain gauge measure-
ments. The experimental and FE failure modes of specimen
LS100 x 3-NS40 x 1.5-C40 [4] are presented and compared in Fig. 16,
together with the deformation and stress distribution in the concrete.
Generally, the outward local buckling of the outer tube was accurately
captured, demonstrating good agreement with the experimental test
results. Moreover, concrete crushing was observed in the local buckling
zones and near the corner regions of the square CFDST column spec-
imen, as illustrated in Fig. 16(c).

3. Parametric study

The behaviour of different configurations of slender square CFDST
columns with outer stainless steel tubes and inner carbon steel tubes
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were examined in a total of 90 FE simulations. The key parameters
examined included the member slenderness (1), width-to-thickness ratio
of the outer steel tube (B,/t,), concrete cylindrical compressive strength
(f.) and section hollow ratio (7). The materials used for the outer steel
tubes were grades EN 1.4301 and EN 1.4318 austenitic stainless steels
with 0.2 % proof strengths of 230 MPa and 350 MPa, respectively, and
grade EN 1.4162 lean duplex stainless steel with a 0.2 % proof strength
of 530 MPa [42]. For the inner steel tubes, S235 carbon steel was
adopted, which had a yield and ultimate strengths of 235 MPa and
360 MPa, respectively [41]. The initial Young’s modulus (Eo) was taken
as 200 GPa for stainless steel and 210 GPa for carbon steel. A Poisson’s
ratio of 0.3 was used for all steel materials. Two grades of concrete were
considered: 40 MPa normal strength concrete (NSC) and 80 MPa high
strength concrete (HSC).

Three groups of columns (G1, G2, and G3), all using NSC, were
created by varying the column length (L) and B,/t,. These variations
provided a wide range of non-dimensional slenderness values (1), from
0.30 to 2.25, allowing for the determination of a slenderness limit (4,)
that distinguishes between intermediate and long columns, and enabling
evaluation of the effects of 1 and B,/t,. The slenderness (1) was deter-
mined as:

P a4)

V/Ips/Aps

where L, is the effective buckling length, which was taken equal to the
physical length (L) in the current study since all columns were modelled
as pinned-pinned members. Ips and Apg denote the second moment of
area and cross-sectional area of the entire composite column, respec-
tively. The non-dimensional slenderness (1) was calculated in accor-
dance with EC4 [39], as:

Npird

A=
NCT

(15)

Here, Ny, rq is the plastic resistance of the CFDST column under axial
compression, calculated following EC4 [39] and AS/NZS 2327 [40] as:

Npl,Rd = Aso,efff;/() + Axcfc, + Asifyi (16)

In this expression, A, f is the effective area of the outer steel tube as
defined in EC3 Part 1-5 [57], Ay is the area of the sandwiched concrete
and Ay is the area of the inner steel tube. The elastic critical load N, is
determined using the effective flexural stiffness (EI).f of the composite
column, as given in EC4 [39]:

n*(EI
N, = % a”n
L.
(EI)eff = EsoIso + EsiIsi + O-6EscIsc (18)

where E,, E;, and E,. are the moduli of elasticity of the outer stainless
steel section, inner steel section, and sandwiched concrete, respectively.
Iy, I, and I are the second moments of area of the outer steel section,
inner steel section, un-cracked sandwiched concrete section, respec-
tively. The modulus for concrete E is estimated using the empirical
expression of EC2 [58]:

Eg.= 22000[(f,+8)/10]%2 in MPa 19)

In addition to the initial three groups, six further groups (G4-G9)
comprising intermediate-length and long CFDST columns were simu-
lated. These groups include both compact and slender outer steel tubes
and were developed to investigate the influence of concrete compressive
strength (f,), yield strength of the outer tube (fy0), and the section hollow
ratio (y). The ranges of studied parameters and the geometric and ma-
terial properties of the FE models are summarised in Table 5 and Table A
(in Appendix A), respectively. ¥ as presented in Table 5 is calculated as

_ _Bi
X = B2,
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Fig. 10. Axial load (N, ) versus mid-height lateral deflection (u,,) of slender specimens.
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S, Mises
(Avg: 75%)
318.032
294.397

(b) Inner tube failure

Fig. 11. Comparisons of the failure modes between the FE model and experimental tests [36].

PE, PE22
(Avg: 75%)

(a) Outer concrete failure

PE, PE22
(Avg: 75%)

(b) Inner concrete failure

Fig. 12. Comparisons of the concrete failure mode between the FE model and experimental tests [36].

3.1. Slenderness (1)

The slenderness (4) is the most influential parameter governing the
behaviour of slender CFDST columns. Fig. 17(a) presents the relation-
ship between the axial compressive ultimate strength and slenderness

for different width-to-thickness ratios (B,/t,), reflecting variations in
cross-sectional size. It is evident that as the slenderness increases, the
axial ultimate strength decreases significantly. This reduction is more
pronounced at lower B,/t, ratios. To evaluate the effect of slenderness on
normalised axial strength, Fig. 17(b) shows the corresponding trends for
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Fig. 13. Final deformed shape of slender column scbc4-1 [45].

three B,/t, ratios. Similar behaviour is observed across all three cases,
indicating a consistent influence of A on the normalised strength irre-
spective of cross-section slenderness.

Fig. 18(a) illustrates axial load versus mid-height lateral deflection
curves for columns with B, =200 mm, over a range of slenderness
values from 22 to 165. At lower slenderness values, the axial load drops
sharply after reaching the peak load due to crushing of the infilled
concrete. This failure mode is classified as inelastic buckling, typically
seen in intermediate-length columns. As the slenderness increases, the
post-peak response becomes more stable, with longer columns

Engineering Structures 342 (2025) 120962

exhibiting higher lateral deflection capacity while maintaining their
axial load-bearing ability. Furthermore, comparing columns S1, S17,
and S33—each with approximately the same slenderness—demonstrates
that these effects become more significant as B,/t, increases. This indi-
cated that cross-sectional slenderness amplifies the influence of global
slenderness on both strength and deformation characteristics.

3.2. Confinement and slenderness limits

Based on the FE modelling results, all pin-ended slender CFDST
columns exhibited global (overall) buckling failure characterised by a
half-sine wave deformation at mid-height. However, this buckling mode
may occur either elastically or inelastically. To distinguish between
intermediate-length and long CFDST columns, the relationship between
axial load capacity Ny rr and the ratio of ep/e;c was examined. Here &
and ep, represent the longitudinal and hoop strains of the stainless steel
tube in the compression zone at mid-height of each column, respec-
tively. Fig. 18(b) shows this relationship for Group Gl with B,
= 200 mm. It is evident that for columns S10 to S14, the Poisson effect
persists up to the ultimate load, indicating that lateral confinement is
absent due to minimal transverse expansion of the concrete in the elastic
range [59]. This behaviour confirms that these columns failed in an
elastic buckling mode and are thus classified as long columns. In
contrast, for columns S1 to S9, a clear confinement effect is observed
near the ultimate load—indicated by ep/e; > 0.30—due to lateral
dilation from micro-cracking in the concrete. This suggests the presence
of inelastic buckling, categorising these as intermediate-length columns.

Table 6 summarises the failure modes for Groups G1, G2, and G3,
where EB and INB denote elastic and inelastic buckling failure, respec-
tively. The results confirm that failure mode is primarily governed by the
column’s slenderness (1). From the results, the slenderness limit (4,) that
distinguishes intermediate-length from long columns is found to be
approximately 100 across varying cross-sectional widths. For outer tube
yield strength f,, = 530 MPa, this corresponds to a non-dimensional
slenderness limit of 1,= 1.37 (as per Eq. 15). A generalised expression
for the slenderness limit of slender square CFDST columns may be

fro
235

proposed as 4, = 150/ Additionally, the plastic non-dimensional

S, Mises
(Avg: 75%)
525.240
- 481.496
437.751
394.006
350.262
306.517
262.773
- 219.028
175.283
131.539
87.794
- 44.049
- 0.305

1

Fig. 14. Buckled shape of slender column S1-2a [46].
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Table 3

Geometrical and material properties of square-square CFDST short columns [4].
Specimen B, (mm) t, (mm) B; (mm) t; (mm) L (mm) fya (MPa) fy,- (MPa) f; (MPa) n m

Outer (Inner) Outer (Inner)

LS100 x 3-NS40 x 4-C40 100.3 3.15 40.0 3.84 250 556 404 41.8 6(3) 44
LS100 x 3-NS40 x 4-C40R 100.2 3.16 40.0 3.86 250 556 404 41.8 6(3) 44
LS100 x 3-NS40 x 4-C80 100.2 3.13 40.0 3.87 250 556 404 81.6 6 (3) 44
LS100 x 3-NS40 x 4-C120 100.2 3.14 40.0 3.86 250 556 404 115.9 6 (3) 4(4)
LS100 x 3-NS40 x 1.5-C40 100.3 3.18 40.4 1.42 250 556 324 41.8 6 (16) 44
LS100 x 3-NS40 x 1.5-C80 100.2 3.15 40.4 1.44 250 556 324 81.6 6 (16) 44
LS100 x 3-NS40 x 1.5-C120 100.2 3.15 40.4 1.44 250 556 324 115.9 6 (16) 4(4)

Table 4
Comparisons between the FE model and experimental results for CFDST short
columns [4].

Specimen Nuit,Exp. (KN) Nuiere. (kN) Nuit,re/Nutt, Exp.
LS100 x 3-NS40 x 4-C40 1420 1289 0.91

LS100 x 3-NS40 x 4-C80 1464 1518 1.04

LS100 x 3-NS40 x 4-C120 1706 1794 1.05

LS100 x 3-NS40 x 1.5-C40 1209 1140 0.94

LS100 x 3-NS40 x 1.5-C80 1323 1373 1.04

LS100 x 3-NS40 x 1.5-C120 1516 1641 1.08

Avg. 1.01

SD. 0.068

slenderness limit 4, can be used to define the transition from short to
intermediate-length columns. It is found that 4, = 0.5 is an appropriate
threshold for identifying columns where global buckling has negligible
influence on the ultimate strength. This corresponds to a slenderness

limit of 4, = 37, which can be generalised as 1, = 55/ {’3"5. These

proposed limits provide a rational basis for classifying CFDST column
behaviour under axial compression and offer a practical reference for
design applications.

An additional means of differentiating between intermediate-length
and long CFDST columns is through examining the stress distribution in
the sandwiched concrete. Fig. 19 illustrates the axial stress distribution
of the infilled concrete at Ny g for both intermediate-length and long
CFDST columns—specifically, columns S7 and S16, respectively—at the
mid-height section. In case of the intermediate-length column (S7),
shown in Fig. 19(a), compressive stresses dominate across the entire
cross-section, indicating a uniform compressive response. In contrast,
Fig. 19(b) reveals that for the long column (S16), the stress distribution
varies significantly across the section, exhibiting both tensile and

2000
1800 { A
1600 { !
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1200
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600
400
200
0

—Exp.
—-FE

Axial load (kN)

0.02 0.03
Axial strain

(a) LS100 x 3-NS40 x 4-C120

0 0.01 0.04

compressive regions. This variation is attributed to the overall buckling
behaviour, which induces bending and consequently results in a non-
uniform stress state across the concrete core.

3.3. Effect of B,/t, ratio

Fig. 20 illustrates the relationship between B,/t, and the normalised
strength (Nyi,re/Nuipira) for various slenderness ratios, considering
both intermediate-length and long CFDST columns. An increase in B,/t,
from 25 to 37.5 has no significant effect on the normalised strength of
intermediate-length columns. In contrast, for long columns, this increase
results in only a slight effect on the normalised strength. With regard to
the influence of B,/t, on the normalised strength-lateral deflection
response, as depicted in Fig. 21, increasing this ratio from 25 to 37.5 had
negligible impact on the strength—deflection behaviour at the mid-
height section for both intermediate-length and long columns. This
observation is attributed to the governing failure mode of these col-
umns—global buckling—which is primarily influenced by the slender-
ness (4). Therefore, employing higher B,/t, ratios is advantageous in
design, as it contributes to material efficiency by reducing the required
amount of steel without compromising structural performance.

3.4. Effect of concrete grade

In this section, two concrete grades—40 MPa and 80 MPa—were
examined to investigate the influence of concrete compressive strength
on the structural behaviour of intermediate-length and long CFDST
columns. As illustrated in Fig. 22(a), increasing the concrete strength
from 40 MPa to 80 MPa resulted in an increase in ultimate axial strength
by approximately 22 %, 21 %, 18 %, and 17 % for intermediate-length
columns with slenderness ratios A= 41,60 and 78, respectively. For
long columns, the enhancement in concrete strength similarly increased
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Fig. 15. Axial load versus axial strain for short specimens [4].
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distribution of concrete

Fig. 16. Experimental and numerical failure modes for specimen LS100 x 3-NS40 x 1.5-C40 [4].

Table 5

Range of investigated parameters of slender CFDST columns.
Parameter p) B,/t, fe (MPa) V4
value/range 22~175 25~66.67 40, 80 0.33~0.71

the ultimate axial strength by around 17 %, irrespective of the slen-
derness ratio.

However, as shown in Fig. 22(b), increasing the concrete strength
had negligible impact on the normalised strength. The effect of concrete
strength on axial load-lateral deflection behaviour is illustrated in
Fig. 23. A comparison between intermediate-length columns S3, S5, S7,
and S9 (with f,=40 MPa) and their geometrically identical counterparts
S$49, S50, S51, and S52 (with f;:SO MPa) exhibited similar trends
throughout the loading process, with differences observed only in the
load-bearing capacities, which increased due to the use of higher
strength concrete, as depicted in Fig. 23(a). This behaviour was
consistent in long columns, as shown in Fig. 23(b).

Fig. 24 presents the influence of concrete strength on the normalised
strength-lateral deflection response. For intermediate-length columns
(see Fig. 24(a)), specimens S3 and S49, which share the same
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slenderness ratio (1=41) but differ in concrete strength, showed a
notable improvement in post-peak performance with the use of higher
strength concrete. A similar effect is observed when comparing columns
S5 and S50 (4=60). Conversely, for long columns, the influence of
increasing f; from 40 MPa to 80 MPa was marginal, as evidenced by the
comparison between S11 and S53, and between S13 and S54 in Fig. 22
().

Furthermore, as presented in Table A, increasing the concrete
strength from 40 MPa to 80 MPa lead to an average increase in the
strength-to-weight (STW) ratio of approximately 20 % and 17 % for
intermediate-length and long columns, respectively. This improvement
is attributed to the enhanced load-carrying capacity of the section due to
the use of higher strength concrete, while the self-weight of the columns
remains constant.

3.5. Effect of hollow ratio
Fig. 25 illustrates the effect of the hollow ratio on both the ultimate
and normalised axial strengths. Three different inner tube

widths—60 mm, 100 mm, and 130 mm—were considered, corre-
sponding to hollow ratios of 0.33, 0.54, and 0.71, respectively. For
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Fig. 17. Effect of A on (a) the ultimate strength and (b) the normalised ultimate strength of slender square CFDST columns.
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Table 6
Failure modes of slender square CFDST columns (for various 4 and B,).
G1 A 22 41 60 78 97 107 125 144 165
Failure mode INB INB INB INB INB EB EB EB EB
G2 A 23 40 58 75 93 102 119 137 154
Failure mode INB INB INB INB INB EB EB EB EB
G3 A 23 40 57 73 98 107 123 140 149
Failure mode INB INB INB INB INB EB EB EB EB
S, 822 S, 822
(Avg: 75%) Compression (Avg: 75%) Compression
-22.0182 3.8937
-23.4411 1.5937
-24.8641 -0.7064
-26.2870 -3.0064
-27.7099 -5.3064
-29.1328 -7.6065
-30.5557 -9.9065 ! L
-31.9786 -12.2065
-33.4015 {ggggg .
-34.8244 =10. — —~=i
136.2473 : -19.1066 — (NS =t
37.6703 Compression -21.4067 Tension
-39.0932 -23.7067

(a) S7:4=78

intermediate-length CFDST columns, increasing the hollow ratio from
0.33 to 0.71 resulted in a minor reduction in ultimate strength of
approximately 3 %. Conversely, for long CFDST columns, the same in-
crease in hollow ratio led to a 4.5 % increase in ultimate strength. As
shown in Fig. 25(b), the effect of the hollow ratio on normalised axial
strength was negligible for intermediate-length columns. However, for
long columns, an average increase of approximately 9 % in normalised
strength was observed. These findings indicate that the section hollow
ratio has a marginal influence on the behaviour of slender square CFDST
columns, particularly for those of intermediate length. Additionally, as
indicated in Table A, increasing the hollow ratio from 0.33 to 0.71
resulted in an average increase in the strength-to-weight (STW) ratio of
16 % for intermediate-length columns and 24 % for long columns. This
improvement is attributed to the significant reduction in the self-weight

13

(b) S16: =165

Fig. 19. Axial stress distribution in the infilled concrete at Ny, pg for (a) intermediate-length and (b) long CFDST columns.

of the columns at higher hollow ratios.

3.6. Contact pressure mechanism

To clarify the underlying mechanism of the confinement behaviour
in slender square CFDST columns with an outer stainless steel skin, a
contact pressure analysis was conducted. This analysis aimed to inves-
tigate the interaction between the outer tube and the confined concrete
by examining the contact pressure (p) at critical locations. Four slender
columns were analysed—two intermediate-length columns and two long
columns. Two specific locations on the mid-height cross-section, deno-
ted as points "a" (compression corner) and "b" (tension corner), were
selected for detailed assessment, as illustrated in Fig. 26.

The evolution of contact pressure with respect to lateral mid-height
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Fig. 20. Influence of B,/t, ratio on the normalized strength at various slen-
derness ratios.

deflection is presented on the left-hand side (LHS) of Fig. 27. A com-
parison of the four columns reveals that, as the slenderness (1) increased,
the contact pressure at both compression and tension corners decreased.
Furthermore, in intermediate-length columns, the contact pressure at
the tension corner (point "b") was consistently greater than that at the
compression corner (point "a"). For long columns, the contact pressures
at both corners increased in a more uniform manner, although their peak
values remained substantially lower than those observed in
intermediate-length columns. Additionally, an increase in 4 significantly
delayed the development of the contact stress, as evident in Fig. 27(a)
and Fig. 27(b) (LHS).

On the right-hand side (RHS) of Fig. 27, the distribution of contact
pressure at the mid-height section is shown at the point of maximum
contact pressure. It is observed that the contact pressure reached its
maximum at the corners of the section and reduced to zero at the
midpoint of each side of the cross-section. Moreover, consistent with
previous observations, the contact pressure at the tension corners (point
"b") exceeded that at the compression corners (point "a"). These trends
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are observed in both intermediate-length and long columns, although
long columns with higher slenderness ratios exhibited notably lower
overall contact pressures.

4. Evolution of material behaviour and failure mechanism

The numerical results were further analysed to provide a detailed
understanding of the evolution of the mechanical behaviour of materials
at various loading stages for intermediate-length (S3) and long (S12)
square CFDST columns, with slenderness ratios (1) of 41 and 125,
respectively. The responses of both the steel tubes and the concrete were
investigated in terms of longitudinal stresses, the progression of plas-
ticity, and the development of concrete damage and strain. The stainless
steel exhibited a rounded stress—strain response, while the confined
concrete behaviour was modelled using the Concrete Damaged Plasticity
(CDP) approach. The behaviour of each material from the onset of
loading to ultimate failure is discussed as follows, with the concrete
compressive damage illustrated along the half-length of the columns for
clarity.

4.1. Initial elastic stage

At the onset of loading, both the steel tubes and the concrete core
exhibited linear elastic behaviour in the intermediate-length and long
columns. To illustrate the elastic stage, the equivalent plastic strain and
concrete compressive damage at 50 % of the ultimate load (Ny;) are
presented for the intermediate-length column S3, as shown in Fig. 28.
During this stage, axial deformation was primarily resisted by both
materials without significant inelastic effects, and no concrete damage
or plastic strain was observed. The longitudinal stresses were uniformly
distributed across the cross-section, indicating that the load was effec-
tively shared among the three components: the outer tube, inner tube,
and infilled concrete.

In the case of the long composite column S12, Fig. 29 presents the
equivalent plastic strain and concrete compressive damage at 50 % of
Ny Similar behaviour to that of column S3 is observed. However, lower
values of longitudinal stress were recorded across the cross-section,
reflecting the reduced ultimate load capacity of this column due to its
lower global stability. Additionally, a non-uniform stress distribution
was observed, particularly in the outer tube.
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Fig. 21. Influence of B,/t, ratio on the normalized strength-lateral deflection curves.
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Fig. 23. Effect of concrete strength on the

4.2. Onset of plasticity and confinement effect

As the axial load increased to 75 % of the ultimate load (Ny), plas-
ticity first developed in the inner tube and the concrete core of the
intermediate-length column S3. Subsequently, the outer tube began to
exhibit plastic behaviour, primarily on the compression side, where
stress concentration occurred due to the bending effects associated with
global buckling. The equivalent plastic strain (PEEQ) contours indicated
early yielding in this region, consistent with the nonlinear stress—strain
response described by the Ramberg-Osgood model. At the same time,
lateral dilation of the concrete core activated the confinement effect
provided by the surrounding steel tubes, contributing to enhanced axial
strength and delaying the onset of concrete compressive damage, as
illustrated in Fig. 30. Notably, the longitudinal stresses remained uni-
formly distributed across the cross-section at this stage.

In contrast, at 75 % of Ny, no plasticity was observed in the cross-
section of the long column S12, as shown in Fig. 31(a). However, a
noticeable non-uniformity in longitudinal stress distribution was iden-
tified at this loading stage, as presented in Fig. 31(b). Furthermore, there
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axial load-lateral deflection responses.

was no evidence of concrete compressive damage at this point, as clearly
indicated in Fig. 31(c).

4.3. Progressive plasticity development and peak load

It is observed in Fig. 32(a)that with continued application of axial
load up to the peak (ultimate) load, plasticity progressively spread
across the cross-section of the intermediate-length column S3, with
higher values concentrated on the compression side compared to the
tension side—particularly near mid-height, where bending deformation
associated with global buckling began to develop. Additionally, the axial
stresses in the outer steel tube became non-uniform, with elevated
values on the compression side, as illustrated in Fig. 32(b). The equiv-
alent plastic strain increased steadily, indicating ongoing yielding in the
steel tube, while the concrete core experienced rising compressive
stresses. At this stage, the confinement effect became more prominent,
enhancing both the ductility and load-bearing capacity of the column.

The CDP concrete model facilitated tracking the development of
damage. Fig. 32(c) shows the distribution of compressive damage along



M.F. Hassanein et al.

NFE/NplLRd

Engineering Structures 342 (2025) 120962

0o —S11: f¢'=40 MPa, 3=116
‘ ——553: f'=80 MPa, =116

0.8 1 — —S13: fe'=40 MPa, =135

0.7 - — S§54. f¢'=80 MPa, 1=135

0.6 -

0.5 -

INFE/NplLRd

0.3 A —83: fc'=40 MPa, A1=41

02 - ——549: fc'=80 MPa, /=41

01 - — —S85: fc'=40 MPa, 2=60

' — S50: fc'=80 MPa, }=60
0 T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Mid-height lateral deflection #m» (mm) Mid-height lateral deflection #m (mm)
(a) Intermediate-length columns (b) Long columns
Fig. 24. Effect of concrete strength on the normalized strength-lateral deflection responses.
4500 1~ 1.00 -
4000 - 0-90 1
0.80 A

3500 1 —L=2600 mm 3 070 - — L=2600 mm
2‘ w04 00 K | L=3800 mm Z&. 0.60 4 ~0:6t g 0.62-"---- 0.62 | ----- L=3800 mm
= --= L=5000 mm E 0.50 - --= L=5000 mm
R 2500 A ——L=6200 mm T 040 - ——L=6200 mm
3 —-L=7400mm| = 030 - — - ~L=7400 mm
<. 2000 - — - L=8600 mm ' — - L=8600 mm

0.20 A
1500 A 0.10 -
1000 T T T T T ) 0.00 T T T T T )
0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.3 0.4 0.5 0.6 0.7 0.8 0.9
hollow ratio hollow ratio
(a) Ultimate strength (b) Normalized strength

Fig. 25. Effect of hollow ratio on the ultimate and normalized strengths of CFDST slender columns.

half the column length. Damage initiated on the compression side-
—especially at mid-height where the maximum lateral displacement
occurred—and concrete crushing began in these regions. With further
loading, the damage propagated, contributing to a gradual reduction in
stiffness. In contrast, for the long column S12, the equivalent plastic
strain had only just initiated on the compression side of the concrete
core, as shown in Fig. 33(a). No plasticity was observed on the tension
side, unlike in column S3. With respect to concrete compressive damage
and longitudinal stress distribution (Fig. 33(c)), no significant changes
were observed from the previous loading stage, apart from an increase in
the magnitude of longitudinal stresses, as depicted in Fig. 33(b).

4.4. Post-peak behaviour and failure modes

The numerical simulations consistently demonstrated that global
buckling was the primary failure mode for the investigated square
CFDST slender columns. Neither local buckling nor premature material
failure dominated, owing to the beneficial confinement effect provided
by the steel tubes and the relatively high slenderness ratios considered in
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the study. While the progressive development of plasticity and concrete
damage significantly influenced the post-peak behaviour, it did not alter
the global buckling failure pattern. The material response was examined
in the post-peak stage at a compressive strain equal to 1.5 times the yield
strain (1.5ey = 6975 pe). The post-peak behaviour showed a gradual
decline in axial load, primarily driven by the global buckling deforma-
tion, which remained the dominant failure mechanism across all the
studied columns.

As shown in Fig. 34(a), for the intermediate-length column S3, the
equivalent plastic strain increased markedly as the steel tubes fully
yielded on the compression side. However, the strain distribution across
the cross-section was clearly non-uniform, with the maximum values
concentrated on the compressed region of the concrete core. This in-
dicates a high level of confinement achieved in the sandwiched concrete.
Additionally, the axial stresses in the steel tubes exceeded the material’s
yield stress, as depicted in Fig. 34(b). Concrete compressive damage also
increased significantly due to the global buckling-induced deformation,
as illustrated in Fig. 34(c). In the case of the long column S12 (Fig. 35),
the equivalent plastic strain also increased considerably compared to the
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Fig. 26. Locations of maximum contact pressure on the compression and ten-
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previous loading stage, with the maximum values observed on the
compression side of the outer steel tube. This highlights the lower
confinement effect present in long columns relative to intermediate-
length ones. Furthermore, concrete compressive damage began to
emerge at this stage, with Fig. 35(c) showing that global instability
directly influenced the onset and progression of concrete damage.

4.5. Concrete damage propagation

To gain a deeper understanding of the mechanism behind concrete
compressive damage, an analysis was conducted to further explore this
critical aspect. As illustrated in Fig. 36(a), the relationship between
concrete damage on the compression side and concrete longitudinal
strain was plotted for the intermediate-length column S3. It is observed
that concrete damage initiated near the peak load (Ny;), confirming that
concrete damage due to axial compressive stresses significantly in-
fluences the overall buckling failure in intermediate-length CFDST col-
umns. Furthermore, as loading progressed, the damage increased
markedly until reaching a strain of 1 % (point A). Beyond this, the rate of
increase in concrete damage slowed until it attained its maximum value
at point B.

To illustrate the development of concrete compressive damage dis-
tribution, three points were considered: the peak load, point A, and
point B, as shown in Fig. 36(b). At peak load, concrete damage was
minimal and fairly evenly distributed along the column’s mid-height. As
axial strain increased, a slight increase in damage was observed along
the entire length, except for a small region around mid-height where the
damage rose considerably—likely due to initial micro-cracking in the
concrete. By the end of loading (point B), damage had significantly
increased over a large portion of the column. Fig. 36(c) shows that
concrete damage gradually increased with lateral deflection up to
approximately 12 mm, after which a sudden rise in damage was evident
during the post-peak loading stage. This confirms that concrete damage
was primarily driven by global buckling failure and had a pronounced
effect on the stability of slender square CFDST columns.

In contrast, for the long column S12, concrete damage was noted to
commence only after the peak load, as indicated in Fig. 37(a). Compared
with intermediate-length columns, the concrete damage in long columns
was less severe. Fig. 37(b) presents the distribution of concrete damage
at point B, where compressive damage was minimal and confined to a
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small region around mid-height. Fig. 37(c) illustrates the propagation of
concrete damage alongside mid-height lateral deflection, showing a
close correlation with damage progression plotted against concrete
compressive strain in Fig. 37(a).

5. Current design methods

This section evaluates the applicability of existing design procedures
to the slender CFDST columns investigated in this study. Design models
from EC4 [39], AISC 360-16 [38], and AS/NZS 2327 [40] are assessed
for their suitability in predicting the behaviour of square- slender square
CFDST columns. To account for the susceptibility of thin-walled sections
to local buckling, the effective cross-sectional area of the outer tube (A,
¢ff) is considered in the estimation of ultimate column strength, in
accordance with EC3 Part 1-1 [41].

5.1. EC4

For slender square CFDST columns, the design approach specified in
EC4 Part 1-1 [39] for conventional CFST columns is extended. Ac-
cording to EC4, the ultimate axial strength N, gc4 of a composite slender
column is given by:

Nut,eca= YEC3NplLRd (20)

Here, ygcs is the buckling reduction factor based on the EC3 buckling
curves [41], originally proposed by Ayrton and Perry [60], and is
calculated as:

1

Xpes=—F——= < 1.0 21D
p+\P -7

where ¢ is defined as:

¢=05[1+a(l-0.4)+7"] (22)

The imperfection factor « is taken as 0.49 for cold-formed hollow
stainless steel sections, as specified in EC3 [41]. The non-dimensional
slenderness 1 is calculated using Eq. (15), and the plastic resistance
Npirq is determined from Eq. (16).

5.2. AISC 360-16

Modifications are made to the design equations in AISC 360-16 [38]
to account for the presence of the inner steel tube, which effectively
replaces the longitudinal and transverse reinforcement in traditional
CFST columns. The ultimate axial strength Ny arsc of slender square
CFDST columns is given by:

Npraisc

N,
Nyusc | 0.658ersc 1% <225
Nuaisc = rae (23)
N,
0~877NCrAISC _plalsc > 2.25

cr,AISC

where N arsc is the section plastic ultimate strength and is calculated as:

NplAISC = Asa,efffyo + 0-85Ascfc/ + Asifyi (24)

N aisc is the elastic critical buckling load and is determined as:

72 (EI)
Nerarsc = w (25)
L.
The effective flexural stiffness El.garsc is defined as:
(EI)effA[sc = EsoIsa + EsiIsi + CBEscIsc (26)

where Cs, the coefficient of concrete effective rigidity in filled composite
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Fig. 28. Equivalent plastic strain, axial stresses, and concrete compression damage at the elastic stage of loading for intermediate-length column S3.

vexq
sy DAMAGEC
] Avg: 75%
g G 00
st 0.000
i a0
o 0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

(a) Equivalent plastic strain

(b) Axial stresses (c) Concrete compression damage

Fig. 29. Equivalent plastic strain, axial stresses, and concrete compression damage at the elastic stage of loading for long column S12.

compression members, is determined using Eq. (27): The reduction factor y4s is determined as:
Ay, + Ag 3
C3=045+3(-—2 "% __1<09 27 =£(1—14/1—-(90/¢&2 <1 29
o= 0as43(; ) < O oo/ | < 29
5.3. AS/NZS 2327 with
2/90)% +1
The AS/NZS 2327 [40] specification, originally developed for rect- &= (/2}{# (30)
angular CFST columns, is adapted for slender CFDST columns in this (4/90)
study. The ultimate axial strength Ny a5 is calculated as: and
Nuiras= XasNpird (28) A= At 000 31
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Fig. 30. Equivalent plastic strain, axial stresses, and concrete compression damage at the beginning of plastic stage of loading for intermediate-length column S3.
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Fig. 31. Equivalent plastic strain, axial stresses, and concrete compression damage at the beginning of plastic stage of loading for long column S13.

M= 90, (32) n= 0.00326(.—13.5) > 0 (35)

The relative slenderness 4, is calculated as: The correction factors a, and ap are:

. Aso.ejff
’ Oif —= <1
A = (33) 2100(4, — 13.5) A
e =5 ——————anda, = (36)
Ay —15.34, + 2050 llfIM -1
ASO

where the effective flexural stiffness is:

Elgas = Eeolio + Eqly + Exclc (34) 5.4. Comparison of the design methods

The parameter 7 is: This section compares the predicted ultimate strengths from the
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Fig. 32. Equivalent plastic strain, axial stresses, and concrete compression damage at the peak load stage for intermediate-length column S3.
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Fig. 33. Equivalent plastic strain, axial stresses, and concrete compression damage at the peak load stage for long column S12.

design models with those obtained from the numerical study. Fig. 38
presents the ultimate design strengths from each approach alongside
Ny re- Table 7 summarises key statistics, including the mean, coefficient
of variation (COV), and the reliability index B, which is a relative
measure of design integrity [61,62] and is determined as:

N-MF
B =Ln(7)/a\/V§l+ Vi + Vi

Lai and Varma [63] proposed values for the terms employed in Eq.
(37) for CFDST members which are employed herein. M is the mean
ratio of measured-to-nominal material strength (1.10), F is the average
fabrication factor (1.0), and « is the linearisation factor (0.70). N is the

37)
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mean ratio of Ny rr to the design prediction, while Vi, Vr and Vy
represent the COVs of the material properties, fabrication process, and
N, respectively. Vs and Vg are taken as 0.193 and 0.05, respectively, as
recommended in [63]. A resistance factor ¢ = 0.75 is adopted from AISC
360-16 [38]. According to [38], a target reliability index g > 2.5 is
required to ensure safety against global buckling failure.

As seen in Fig. 38 and Table 7, the AISC 360-16 [38] design model
delivers the most accurate predictions, with the majority of results
falling within +10 % of Ny rs. The corresponding reliability index of
= 2.63 is also above the target value of 2.5. These findings align with the
results elsewhere [31,32]. In contrast, both EC4 [39] and AS/NZS 2327
[40] tend to be conservative, underestimating the ultimate capacity of
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Fig. 34. Equivalent plastic strain, axial stresses, and concrete compression damage at the post-peak stage for intermediate-length column S3.
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Fig. 35. Equivalent plastic strain, axial stresses, and concrete compression damage at the post-peak stage for long column S12.

the columns. The mean ratios of design strength to FE strength are
approximately 0.89 and 0.78 for EC4 and AS/NZS 2327, respectively.
The more accurate performance of the AISC 360-16 [38] model may be
attributed to its higher estimation of the effective flexural rigidity (EI)
of the sandwiched concrete. This enhanced stiffness contributes to
improved buckling resistance and more realistic strength predictions
compared to the other codes.

5.5. Proposed new design models

To ensure a comprehensive and practical design framework, two
different design approaches have been developed: Model 1, which pro-
vides a unified formulation across all slenderness ranges, and Model 2,
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which adopts a three-stage design strategy based on slenderness limits to
explicitly account for distinct plastic, inelastic, and elastic failure
mechanisms. As such, the first design method is a development of the
original model proposed by MacPhedran and Grondin [64] for calcu-
lating the moment capacity (Mp,) of laterally unbraced rolled and welded
I-beams. The original expression is given as:

M, = M,(1+47) 7" (38)
where M, is the plastic moment resistance and n is a modification factor
introduced through sensitivity analysis, with an optimal value of 1.7.
The non-dimensional slenderness 4 is calculated using Eq. (15). To adapt
this formulation for column design, the moment term is replaced with
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Fig. 36. Development of concrete compression damage for intermediate-length column S3.

axial force and resulting in the following expression for Ny prop1:

~1/n

Nult.propl = Npl(1 J”Izn) (39)

The plastic axial load capacity Nj; is determined using a model
proposed previously [5] for axially loaded square CFDST short columns
with outer stainless steel tubes. This is given by:

we

where Ay, of, Asc, and Ag; represent the effective cross-sectional areas of
the outer stainless steel tube, the sandwiched concrete, and the inner
steel tube, respectively. The adjustment based on B,/t, addresses the
influence of local buckling behaviour in wider or more slender outer
tubes. Table 7 presents the predicted strengths from this proposed model
and it is shown that the mean value for Ny prop1/Nui e is 0.99, and the
corresponding reliability index f is 2.67. These results indicate that the
first proposed model offers accurate and reliable predictions for the
ultimate axial strength of slender square CFDST columns with outer
stainless steel tubes.

For the second developed design model, a three stage approach is
proposed to calculate the ultimate design strength of square CFDST
columns that fail plastically, inelastically, or elastically. The slenderness
thresholds between each stage are defined as 4, and 4. Specifically, 4, is
the slenderness limit below which columns fail plastically, while A,

Aso,ej’j’fyo + Ascfc/ + Asifyi Bo/to < 40

(40)
Asoctifyo + 0.8Auf + Agfyi Bo / t, > 40
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denotes the limit beyond which elastic buckling governs failure. For
intermediate slenderness values, inelastic buckling is assumed to control
the behaviour. The proposed design strength Ny prop2 is defined as:

Ny

A=A
Nuitprop2 = (lr,/‘[ ) (Npl - N,.) + N,
r— 4p

0. 877NcrAISC2

A<y

Ip <A<y (41)

A> A

where Ny is calculated based on Eq. (40). The slenderness limits are

Jro

taken as 4, = 150/ {%{5 and 4, = 55/4/5%.

The reference strength N;

represents the buckling resistance at 4, and estimated as N,:Npl/fL,Z.
The elastic critical buckling load is calculated according to AISC
provisions as:

7*(El
Neraiscz = w (42)
L,
where the effective flexural rigidity is given by:
(EI )effAISCz = Egolyo + Eglsi + C1Egc (43)

C7 is a coefficient for the concrete’s effective stiffness in encased
composite compression members, given as:
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Aso Asi
€ =025+ 3( s

—— ] <0.
Asn +Asi +Asc> - O 7 (44)

Linear interpolation is used in the inelastic range between the plastic
and elastic stages. The predictions using Model 2 are summarised in
Table 7. While the model performs acceptably for long columns, with an
average Nyit prop2a/Nu e of 0.97 and a reliability index $ of 2.68, it is less
accurate for intermediate-length columns. For these, the average
strength ratio is 1.10 and f reduces to 2.00, indicating an overestimation
of capacity and insufficient reliability. To address this, a modification is
proposed incorporating an index factor y in the inelastic range to
improve accuracy, giving a modified capacity equation of:

N, A<y
A=Y
Nutpropan = (77— | Nat =No) +N. - 4 <A<y (45)
T P
0.877Nr arsc2 A=

A sensitivity analysis was conducted to determine the optimal value
of y, with results indicating that y = 2 yields the best agreement with FE
results. Table 7 presents the predictions from this improved model and it
is observed that for intermediate-length columns, the average Ny prop2a/
Ny e ratio is 0.99, with a reliability index of g = 2.57. When consid-
ering all column cases, the mean strength ratio is 0.98 and f = 2.61.
These results confirm that Model 2 A provides accurate and reliable
predictions for the ultimate axial capacity of slender square CFDST
columns with outer stainless steel tubes. Fig. 39 illustrates the proposed
three-stage design model (2 A) and compares the predicted capacities
with finite element results for Groups G1 and G3 considered in the
parametric study. Based on these comparisons, it is concluded that the
proposed Model 2A is robust and well-suited for practical design ap-
plications. It is also noteworthy that a similar three-stage design meth-
odology was adopted previously for concrete-filled stiffened steel
tubular square slender columns [65].

The proposed design models are supported by detailed comparisons
with finite element results (see Table 7 and Fig. 39), with reliability
indices confirming their robustness. The close agreement between pre-
dicted and numerical strengths (mean ratios of 0.98-0.99 and reliability
indices # > 2.5) demonstrates both the practical applicability and the
rigour of the models’ analytical development.

5.6. Buckling design curves
The relationship between the buckling reduction factor y and the

5000 7 Np —Predicted strengths

e FE strengths
4000 -

3000 -

2000 -

1000 -

Ar=100

/:p =37
0 T T T

Ultimate proposed strength (kN)

15 40 65 90 115 140 165
Slenderness ratio 4

(a) Group 1
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o FE models
1.4 1 —EC3-curve ¢
—AISC 360-16
121 60 — AS/NZS 2327
1 o —Proposed curve 1

Fig. 40. Buckling reduction factor versus non-dimensional slenderness param-
eter for different design methods.

non-dimensional slenderness parameter 4 for all of the examined design
codes and proposed design model 1 is presented in Fig. 40. The buckling
curve from AISC 360-16 [38] is included in this comparison, reformu-
lated from Eq. (23) to express the reduction factor as:

0.658"5¢  Jusc < 1.5

0.877 (46)

X = _
e 7 Aaisc > 1.5

/1AISC

— Nptarsc
where Aaisc = \/NP_TSC

It is observed that both the proposed buckling curve—based on the
formulation by MacPhedran and Grondin [64]—and the AISC 360-16
[38] design curve exhibit close agreement with the FE results. This in-
dicates that the proposed buckling curve can be reliably adopted for
calculating the strength reduction factor y in slender square CFDST
columns with outer stainless steel tubes.

6. Conclusions

This study investigated for the first time the ultimate strength and
global buckling behaviour of slender square CFDST columns with an

9000 Npi ——Predicted strengths

8000
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(b) Group 3

e FE strengths

/11' =100

Ultimate proposed strength (kN)

Fig. 39. Predicted ultimate strengths versus slenderness for groups G1 and G3.
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outer stainless steel tube and an inner square carbon steel tube. The key
conclusions drawn from this work are summarised as follows:

The slenderness A is the most influential parameter governing the
structural response of slender square CFDST columns.
Two slenderness thresholds were identified: the limit distinguishing

Jyo
235

while the limit separating intermediate-length and short columns is

given by 4, =55/ \/%

The B,/t, slenderness ratio of the outer tube has minimal influence
on the normalised strength and lateral deflection behaviour of both
intermediate-length and long CFDST columns. As failure is primarily
governed by global slenderness (1), higher B,/t, ratios can reduce
steel usage without compromising performance.

Concrete strength strongly affects the post-peak normalised
strength-lateral deflection response of intermediate-length slender
CFDST columns, but has limited impact on long columns.

The hollow ratio has little effect on ultimate and normalised axial
strengths, particularly in intermediate-length columns. However,
increasing the hollow ratio significantly enhances the strength-to-
weight ratio, making it a favourable design parameter.

As global slenderness ratio (1) increases, contact pressure at both
compression and tension corners decreases. Peak contact pressure
occurs at the section corners and drops to zero at the midpoints of the
square cross-section sides.

Concrete damage initiates near the peak load in intermediate-length
columns during the ascending loading phase, while in long columns,
damage occurs only after the peak load is reached.

Of the current design provisions, AISC 360-16 [38] provides the
most accurate predictions for slender square CFDST columns with
stainless steel outer tubes, with most values within +10 % of FE
results.

Two alternative design models are proposed and validated. Model 1
adapts a moment-based capacity formulation—originally for
unbraced I-beams—to axial strength in double-skin composite

long and intermediate-length columns is proposed as 4,=150/

Engineering Structures 342 (2025) 120962

columns, offering a unified method across slenderness ranges. Model
2 introduces a novel three-stage framework distinguishing plastic,
inelastic, and elastic failures. A modified version, Model 2A, in-
corporates a sensitivity-derived parameter y, which enhances accu-
racy for intermediate-length columns. Both models show strong
predictive performance and practical design applicability.
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Appendix A
Table A
Dimensions and material properties of FE models of slender square CFDST columns
Group  FE B, to B; t Bo/t, B/t % fro Fi fe L A i Nugez ~ STW
Model (mm) (mm) (mm) (mm) (MPa) (MPa) (MPa) (mm) (kN) x 10°
G1 s1 200 8 100 3 25 33.33 0.54 530 235 40 1400 22 0.30 4302 2.736
S2 200 8 100 3 25 33.33 0.54 530 235 40 2000 31 0.43 4203 1.871
S3 200 8 100 3 25 33.33 0.54 530 235 40 2600 41 0.56 3959 1.356
S4 200 8 100 3 25 33.33 0.54 530 235 40 3200 50 0.69 3690 1.027
S5 200 8 100 3 25 33.33 0.54 530 235 40 3800 60 0.81 3409 0.799
S6 200 8 100 3 25 33.33 0.54 530 235 40 4400 69 0.94 3105 0.628
S7 200 8 100 3 25 33.33 0.54 530 235 40 5000 78 1.07 2782 0.495
S8 200 8 100 3 25 33.33 0.54 530 235 40 5600 88 1.20 2466 0.392
S9 200 8 100 3 25 33.33 0.54 530 235 40 6200 97 1.33 2164 0.311
S10 200 8 100 3 25 33.33 0.54 530 235 40 6800 107 1.46 1887 0.247
S11 200 8 100 3 25 33.33 0.54 530 235 40 7400 116 1.59 1647 0.198
S12 200 8 100 3 25 33.33 0.54 530 235 40 8000 125 1.71 1441 0.160
S13 200 8 100 3 25 33.33 0.54 530 235 40 8600 135 1.84 1267 0.131
S14 200 8 100 3 25 33.33 0.54 530 235 40 9200 144 1.97 1118 0.108
S15 200 8 100 3 25 33.33 0.54 530 235 40 9800 154 210 992 0.090
S16 200 8 100 3 25 33.33 0.54 530 235 40 10500 165 2.25 868 0.074
G2 S17 250 8 125 4 31.25 31.25 0.53 530 235 40 1800 23 0.31 5783 1.930
S18 250 8 125 4 31.25 31.25 0.53 530 235 40 2500 31 0.43 5690 1.367
S19 250 8 125 4 31.25 31.25 0.53 530 235 40 3200 40 0.55 5422 1.018
S20 250 8 125 4 31.25 31.25 0.53 530 235 40 3900 49 0.67 5104 0.786
S21 250 8 125 4 31.25 31.25 0.53 530 235 40 4600 58 0.79 4763 0.622
S22 250 8 125 4 31.25 31.25 0.53 530 235 40 5300 67 0.91 4384 0.497

(continued on next page)
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Table A (continued)

S23 250 8 125 4 31.25 31.25 0.53 530 235 40 6000 75 1.03 3976 0.398
S24 250 8 125 4 31.25 31.25 0.53 530 235 40 6700 84 1.14 3563 0.319
S25 250 8 125 4 31.25 31.25 0.53 530 235 40 7400 93 1.26 3168 0.257
526 250 8 125 4 31.25 31.25 0.53 530 235 40 8100 102 1.38 2792 0.207
S27 250 8 125 4 31.25 31.25 0.53 530 235 40 8800 110  1.50 2462 0.168
S28 250 8 125 4 31.25 31.25 0.53 530 235 40 9500 119 1.62 2171 0.137
529 250 8 125 4 31.25 31.25 0.53 530 235 40 10200 128 1.74 1922 0.113
S30 250 8 125 4 31.25 31.25 0.53 530 235 40 10900 137  1.86 1706 0.094
S31 250 8 125 4 31.25 31.25 0.53 530 235 40 11600 146 1.98 1520 0.079
S32 250 8 125 4 31.25 31.25 0.53 530 235 40 12300 154 210 1360 0.066
G3 S33 300 8 150 5 37.5 30 0.53 530 235 40 2200 23 0.31 7495 1.475
S34 300 8 150 5 37.5 30 0.53 530 235 40 3000 31 0.43 7362 1.062
S35 300 8 150 5 37.5 30 0.53 530 235 40 3800 40 0.54 7061 0.804
S36 300 8 150 5 37.5 30 0.53 530 235 40 4600 48 0.65 6694 0.630
S37 300 8 150 5 37.5 30 0.53 530 235 40 5400 57 0.77 6285 0.504
S38 300 8 150 5 37.5 30 0.53 530 235 40 6200 65 0.88 5824 0.407
S39 300 8 150 5 37.5 30 0.53 530 235 40 7000 73 1.00 5322 0.329
S40 300 8 150 5 37.5 30 0.53 530 235 40 7800 82 1.11 4806 0.267
S41 300 8 150 5 37.5 30 0.53 530 235 40 8600 90 1.22 4312 0.217
542 300 8 150 5 37.5 30 0.53 530 235 40 9400 98 1.34 3828 0.176
S43 300 8 150 5 37.5 30 0.53 530 235 40 10200 107 1.45 3398 0.144
S44 300 8 150 5 37.5 30 0.53 530 235 40 11000 115 1.56 3015 0.119
545 300 8 150 5 37.5 30 0.53 530 235 40 11800 123 1.68 2683 0.098
S46 300 8 150 5 37.5 30 0.53 530 235 40 12600 132 1.79 2392 0.082
S47 300 8 150 5 37.5 30 0.53 530 235 40 13400 140 1.91 2139 0.069
548 300 8 150 5 37.5 30 0.53 530 235 40 14200 149 2.02 1919 0.059
G4 549 200 8 100 3 25 33.33 0.54 530 235 80 2600 41 0.60 4824 1.652
S50 200 8 100 3 25 33.33 0.54 530 235 80 3800 60 0.88 4125 0.966
S51 200 8 100 3 25 33.33 0.54 530 235 80 5000 78 1.16 3295 0.587
§52 200 8 100 3 25 33.33 0.54 530 235 80 6200 97 1.43 2528 0.363
S53 200 8 100 3 25 33.33 0.54 530 235 80 7400 116 1.71 1928 0.232
S54 200 8 100 3 25 33.33 0.54 530 235 80 8600 135 1.99 1480 0.153
S55 200 8 100 3 25 33.33 0.54 530 235 80 9800 154 227 1156 0.105
S56 200 8 100 3 25 33.33 0.54 530 235 80 10500 165 2.43 1010 0.086
G5 S57 200 8 60 2 25 30 0.33 530 235 40 2600 43 0.57 4031 1.271
S58 200 8 60 2 25 30 0.33 530 235 40 3800 63 0.83 3467 0.748
S59 200 8 60 2 25 30 0.33 530 235 40 5000 83 1.09 2809 0.461
S60 200 8 60 2 25 30 0.33 530 235 40 6200 103 1.35 2160 0.286
S61 200 8 60 2 25 30 0.33 530 235 40 7400 123 1.62 1630 0.181
562 200 8 60 2 25 30 0.33 530 235 40 8600 143 1.88 1248 0.119
G6 S63 200 8 130 4 25 32,5 0.71 530 235 40 2600 38 0.54 3913 1.466
S64 200 8 130 4 25 32.5 0.71 530 235 40 3800 56 0.79 3355 0.860
S65 200 8 130 4 25 32.5 0.71 530 235 40 5000 74 1.04 2750 0.536
S66 200 8 130 4 25 32.5 0.71 530 235 40 6200 92 1.29 2181 0.343
S67 200 8 130 4 25 32.5 0.71 530 235 40 7400 109 1.54 1690 0.222
S68 200 8 130 4 25 32.5 0.71 530 235 40 8600 127 1.79 1306 0.148
S69 200 8 130 4 25 32.5 0.71 530 235 40 9800 145 2.04 1026 0.102
S70 200 8 130 4 25 32.5 0.71 530 235 40 10500 155 219 898 0.083
G7 S71 200 8 100 3 25 33.33 0.54 230 235 40 2600 41 0.43 2438 0.835
S72 200 8 100 3 25 33.33 0.54 230 235 40 3800 60 0.62 2125 0.498
S73 200 8 100 3 25 33.33 0.54 230 235 40 5000 78 0.82 1806 0.322
S74 200 8 100 3 25 33.33 0.54 230 235 40 6200 97 1.02 1524 0.219
S75 200 8 100 3 25 33.33 0.54 230 235 40 7400 116  1.22 1287 0.155
S76 200 8 100 3 25 33.33 0.54 230 235 40 8600 135 1.41 1073 0.111
S77 200 8 100 3 25 33.33 0.54 230 235 40 9800 154 1.61 893 0.081
G8 S78 200 8 100 3 25 33.33 0.54 350 235 40 2600 41 0.48 3068 1.050
S79 200 8 100 3 25 33.33 0.54 350 235 40 3800 60 0.71 2672 0.626
S80 200 8 100 3 25 33.33 054 350 235 40 5000 78 0.93 2257 0.402
S81 200 8 100 3 25 33.33 0.54 350 235 40 6200 97 1.15 1863 0.268
582 200 8 100 3 25 33.33 0.54 350 235 40 7400 116  1.38 1513 0.182
S83 200 8 100 3 25 33.33 0.54 350 235 40 8600 135 1.60 1213 0.126
S84 200 8 100 3 25 33.33 0.54 350 235 40 9800 154 1.82 969 0.088
G9 S85 200 3 100 3 66.67 33.33 0.52 530 235 40 1000 16 0.19 2496 2.709
S86 200 3 100 3 66.67 33.33 0.52 530 235 40 1400 22 0.27 2496 1.935
S87 200 3 100 3 66.67 33.33 0.52 530 235 40 3000 47 0.58 2263 0.819
588 200 3 100 3 66.67 33.33 0.52 530 235 40 5000 78 0.97 1684 0.366
S89 200 3 100 3 66.67 33.33 0.52 530 235 40 8000 125 1.55 890 0.121
S90 200 3 100 3 66.67 33.33 0.52 530 235 40 10000 157 1.93 592 0.064
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