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Abstract 

This study explores experimental testing on eight square concrete-filled tubes (CFTs) with var-

ying width-to-thickness ratios, subjected to both cyclic and constant displacement amplitude 

under pure bending conditions. Comprehensive finite element modeling (FEM) has been con-

ducted by ABAQUS software to closely replicate the experimental outcomes, focusing particu-

larly on low-cycle damage and failure modes. The simulations incorporated concrete crushing 

and steel ductile damage, applying an element deletion technique to emphasize material frac-

ture. The FEM results showed strong alignment with the observed cyclic behaviour from the 

experiments, with an error in energy dissipation under 7%. Lastly, an analytical expression is 

provided to estimate ultimate parameters (displacement at failure) for FEM applications, of-

fering an effective tool for simulating the hysteretic response of CFTs. 
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1 INTRODUCTION  

Composite structures have gained growing attention due to their excellent stiffness, seismic 

performance, and fire resistance [1]-[3]. Concrete-Filled Tubes (CFTs), combining a concrete 

core with a steel tube, offer enhanced structural efficiency by preventing local and global buck-

ling of the steel, outperforming hollow steel sections. Their use is prominent in building col-

umns, especially for large cross sections and bridge piers [4]-[7]. 

CFT applications are widespread in China, with landmark examples such as the Canton Tower 

and Zhangmu Railway Bridge [8]. Research has explored steel-concrete interaction mecha-

nisms [9]-[11], and numerous studies have addressed axial capacity through experiments and 

analytical models [12]-[16]. Specifically, several authors have investigated the effect of the 

concrete core on local buckling and the axial monotonic/cyclic response of CFTs [17]-[18]. 

Flexural behaviour under cyclic loading has also been studied extensively for both circular and 

rectangular sections, focusing on seismic performance and failure mechanisms [19]-[22]. Ad-

ditional contributions include numerical analyses under biaxial bending [23], shear-bending 

with concrete damage [24], and hysteretic performance of CFT connections [25],[26]. Lateral 

impact resistance has been analysed through experimental and numerical approaches [27],[28]. 

Other studies proposed predictive models for monotonic and cyclic behaviour [29]-[32]. 

This study addresses a gap in the literature by presenting cyclic bending tests on eight square 

CFT specimens under constant amplitude. The work is part of a broader experimental campaign 

at the University of Salerno on CFTs, expanding on prior results for circular sections [33],[34]. 

The finite element modelling was carried out using ABAQUS (v.2017) [35], accounting for 

material nonlinearity, concrete crushing, and steel ductility degradation. Experimental data on 

load-deformation response, failure modes, and energy dissipation were reproduced with high 

accuracy, with numerical predictions showing less than 7% error in dissipated energy and 

providing reliable estimates for fatigue life. 

2 EXPERIMENTAL CAMPAIGN 

The experimental campaign, involved eight square hollow section (SHS) CFT specimens 

with a length (L) of 2400 mm. The main variable among specimens was the width-to-thickness 

ratio. Geometric properties: width (B), thickness (t), internal radius (r), are summarized in Table 

1. 

Each specimen was fabricated from rolled steel sheets, folded and welded longitudinally. Steel 

end plates (20 mm thick) were welded at both ends, one with a hole for concrete casting. After 

vertical positioning, specimens were filled with concrete and left to cure. To compensate for 

minor shrinkage at the top end, a high-strength epoxy resin was applied to ensure a uniform 

interface between concrete and steel. 

 
B 

[mm] 

t 

[mm] 
B/t 

SHS-1 300 7.70 38.96 

SHS-2 300 6.10 49.18 

SHS-3 300 7.70 38.96 

SHS-4 300 6.10 49.18 

SHS-5 220 7.80 28.21 

SHS-6 220 4.90 44.90 

SHS-7 220 4.90 44.90 

SHS-8 220 7.80 28.21 
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Table 1. Geometrical properties 

2.1 Mechanical properties 

The concrete used corresponds to class C30 (𝑓𝑐𝑘 =  30 𝑀𝑃𝑎). During casting, three standard 

150 mm cubes were sampled per specimen and tested for compressive strength in accordance 

with UNI EN ISO 12390-2 [36] (𝑓𝑐𝑚 =  40.83 𝑀𝑃𝑎). 

Steel mechanical properties were obtained through standard tensile testing as per UNI EN ISO 

6892-1-1 [37]. The steel has been classified as S355 [38]. In the following, the mean values of 

the mechanical parameters are reported: Young’s modulus (𝐸 = 206 𝐺𝑃𝑎), yield strength at 

0.2% strain offset (𝑓0.2 = 437.36 𝑀𝑃𝑎), ultimate stress (𝑓𝑢 = 553.43 𝑀𝑃𝑎), strain at maxi-

mum stress (𝜀𝑢 = 0.138), and ultimate fracture strain (𝜀𝑟 = 0.173) .  

2.2 Experimental setup and loading protocol 

The experimental program consisted of three-point cyclic pure bending tests, aimed at iso-

lating flexural behaviour. Pure bending is uncommon in practice, it offers a simplified frame-

work to assess material and cross-sectional response, supporting the development of 

performance-based and seismic design approaches. 

As shown in Figure 1, specimens were simply supported over a 3000 mm span using pin-ended 

hinges, one with a slotted hole to allow longitudinal movement. Flexural loading was applied 

at midspan via a hydraulic actuator (capacity: 3000 kN compression, 2500 kN tension), con-

nected through a rigid 400 mm stub. 

Figure 1. Experimental setup 

Instrumentation included LVDTs (1-4) near the ends and upper plates to monitor boundary 

compliance and ensure negligible fixture deformation. Wire-type displacement transducers 

were used along the beam to measure the deflected shape. 
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Specimens SHS-1, SHS-3, and SHS-4 were used as preliminary tests to verify the suitability of 

the loading protocol and equipment, though their results are also reported for completeness. For 

specimens SHS-2 and SHS-5 to SHS-8, a displacement-controlled protocol was applied: ini-

tially a monotonic loading up to 140 mm, followed by constant-amplitude cyclic loading until 

either corner fracture with concrete spillage or a 50% drop in load capacity. These tests were 

designed to investigate low-cycle fatigue behaviour under large displacements and limited cy-

cles to failure. 

3 FINITE ELEMENT MODEL 

Three-dimensional finite element simulations of the CFT specimens (SHS-2, SHS-5 to SHS-

8) have been performed through ABAQUS software [35], employing the explicit solver due to

its robustness in handling material and geometric nonlinearities, large deformations, contact 

interactions, and failure under cyclic loading. The explicit approach has also provided efficient 

parallel computing and detailed tracking of damage evolution [38],[39]. 

The FE modelling of CFTs (Figure 2) has required addressing the following key aspects: 

Geometric Model and Partitioning: 

The models have been constructed using solid elements for the steel tube, concrete core, and 

end plates. A refined partitioning process has been adopted to enable a structured hex mesh, 

improving accuracy  

Boundary Conditions and Constraints: 

Reference points (RP1 and RP2 for supports; RP3 for loading) have been defined and coupled 

to simulate the test setup. RP1 and RP2 reproduced a hinge and a sliding support, respectively, 

while RP3 has been assigned displacement control to match the experimental loading protocol 

Steel-Concrete Interaction: 

Surface-to-surface contact has been defined between the inner face of the steel tube and the 

concrete core, with a friction coefficient of 0.6 based on prior studies [38]-[42], particularly 

Tao et al.[41]. A hard contact in the normal direction has been applied to avoid penetration and 

allow tensile separation. 

Meshing Procedure: 

C3D8R brick elements with reduced integration have been used. The Element Deletion feature 

has been enabled for the steel to simulate fracture but disabled for concrete due to contact lim-

itations. A mesh sensitivity analysis has been conducted, considering mesh sizes from 50 mm 

to 5 mm. Results have indicated that a 30 mm mesh size offers an effective balance between 

accuracy and computational efficiency. 

Figure 2. FE model 
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3.1 Mechanical behaviour: steel 

The elastic response has been defined using Young’s modulus (𝐸) and the 0.2% offset yield 

strength (𝑓0.2) obtained from tensile tests on dog bone specimens (Section 2.1). 

For metal plasticity, ABAQUS employs the Von Mises yield criterion with an associated flow 

rule. A combined isotropic–kinematic hardening model has been calibrated using true stress-

strain curves. The backstress evolution is defined by three 𝛼𝑘 components governed by param-

eters 𝐶𝑘 and 𝛾𝑘.  

𝛼 = ∑ 𝛼𝑘

3

𝑘=1

 ;   𝛼𝑘 =
𝐶𝑘

𝛾𝑘
(1 − 𝑒−𝛾𝑘𝜀̅𝑝𝑙

) (1) 

The adopted values are summarized in Table 6 for each specimen. 

Specimen 𝑪𝟏 𝜸𝟏 𝑪𝟐 𝜸𝟐 𝑪𝟑 𝜸𝟑

[-] [-] [-] [-] [-] [-] 

SHS-2 18000 100 1500 25 380 1 

SHS-5 4500 100 5500 26 750 1 

SHS-6 19500 220 800 30 350 1 

SHS-7 3000 90 2350 25 690 1 

SHS-8 17000 200 4900 25 350 1 

Table 2. Kinematic hardening parameters 

Steel damage has been implemented through the ABAQUS ductile damage function (D), rang-

ing from 0 (no damage) to 1 (complete failure), following the Johnson-Cook (J-C) damage 

model [59]. The J-C model relates fracture strain 𝜀̅0
𝑝𝑙

 to stress triaxiality σ*.

𝜀0̅
 𝑝𝑙 = [𝐷1 + 𝐷2𝑒𝐷3𝜎∗

] (2) 

Parameters 𝐷₁– 𝐷₃ have been calibrated based on literature [59] and the experimental dog bone 

tests reported in section 2.1. The J-C parameters values are shown in Table 3 

Specimen 
𝑫𝟏 𝑫𝟐 𝑫𝟑

[-] [-] [-] 

SHS-2 0.010 3.50 -20.03 

SHS-5 0.010 10.50 -15.03 

SHS-6 0.010 5.50 -19.03 

SHS-7 0.025 7.50 -20.03 

SHS-8 0.020 4.50 -20.03 

Table 3. J-C damage parameters 

When the values of  𝜀̅0
𝑝𝑙

and 𝜎∗ reach the J-C curve threshold in a mesh element, damage initi-

ates and progresses linearly up to 𝜀𝑓̅, corresponding to D = 1. The failure displacement 𝛿̅
𝑓
𝑝𝑙

depends on the characteristic mesh size 𝐿₀ and can be expressed as follows: 

𝛿̅
𝑓
 𝑝𝑙 = (𝜀𝑓̅ − 𝜀0̅

 𝑝𝑙)𝐿0 (3) 

It has been treated as a calibration parameter. 

Initial estimates of 𝜀𝑓̅ were extrapolated from experimental curves and iteratively adjusted to 

match FE simulation outputs (𝜀𝑓̅,𝐹𝐸). These values are compared in Table 4. 
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𝑺𝒑𝒆𝒄𝒊𝒎𝒆𝒏 
𝜺̅𝒇(𝑫 = 𝟏) 𝜺̅𝒇,𝑭𝑬(𝑫 = 𝟏)

[-] [-] 

S2 0.21 1.07 

S5 0.25 2.55 

S6 0.26 2.58 

S7 0.25 1.72 

S8 0.29 2.90 

Table 4. Failure parameters 

3.2 Mechanical behaviour: concrete 

The mechanical properties of concrete in the elastic range have been defined based on com-

pressive strengths 𝑓𝑐𝑚. The undamaged elastic modulus 𝐸0 has been estimated for each speci-

men using Guo’s empirical relation [44] 

For plastic and failure behavior, the Concrete Damaged Plasticity (CDP) model has been im-

plemented in ABAQUS, incorporating a modified extended Drucker–Prager yield surface 

[45],[46] and a non-associated flow rule where the friction angle is replaced by the dilation 

angle 𝜓. The required flow rule parameters 𝜓, eccentricity 𝜀, the biaxial-to-uniaxial compres-

sive strength ratio 𝜎𝑏0/𝜎𝑐0, and flow stress ratio 𝐾 have been defined as per recommendations 

by Lubliner et al. [47] and Lee & Fenves [48], and are listed in Table 5. 

𝝍 𝜺 𝝈𝒃𝟎/𝝈𝒄𝟎 𝑲 

[°] [-] [-] [-] 

20 0.10 1.16 2/3 

Table 5. CDP parameters 

Damage in concrete is introduced through tensile cracking and compressive crushing, using 

stress-strain curves. 

The Guo model [44] has been used to define the full stress–strain relationships under uniaxial 

tension and compression, integrating experimental data through calibrated coefficients. For C30 

concrete, the adopted parameters (Table 6) include the peak strain 𝜀𝑐1, and coefficients 𝛼𝑎, 𝛼𝑑. 

Strength grade 
𝜶𝒂 𝜶𝒅 𝜺𝒄𝟏

[-] [-] [103]

C30 2.20 0.40 1.40 

Table 6. Guo uniaxial parameters 

4 RESULTS AND DISCUSSION 

The cyclic experimental tests revealed a strong correlation between the width-to-thickness 

ratio (B/t) and the dissipative performance of the CFT specimens. Specimens SHS-5 and SHS-

8, with the lowest B/t ratios (~28.2), exhibited the most stable cyclic behaviour, characterized 

by delayed flange fracture and minimal strength degradation across cycles. In contrast, speci-

mens with higher B/t ratios (e.g., SHS-6, SHS-7 with B/t = 44.9, and SHS-2 with B/t = 49.2) 

experienced accelerated degradation, reduced ductility, and lower energy dissipation, confirm-

ing the detrimental impact of slender tube walls on cyclic performance. 

Additionally, the applied displacement amplitude influenced failure timing, with benchmark 

specimens subjected to larger displacements collapsing in fewer cycles. Furthermore, SHS-2 

despite sharing a similar B/t with SHS-6 and SHS-7 showed higher initial strength due to its 
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larger base (300 mm), but exhibited reduced ductility, suggesting that the volumetric steel-to-

concrete ratio also affects the structural response. 

Failure modes consistently involved local buckling and bulging of the steel flanges near the 

rigid stub, coinciding with peak bending moments. Initial bulges formed in compression zones 

and later mirrored under reversed loading, while minor slips during load reversals were at-

tributed to stub-connection settling. The initial monotonic ramp confirmed that all specimens 

could sustain large displacements with limited strength loss, indicating high ductility and de-

layed local buckling phenomena. 

Numerical simulations using ABAQUS showed strong agreement with experimental force–dis-

placement hysteresis curves (Figure 3), accurately reproducing key features such as flange bulg-

ing and damage localization near the stub (Figure 4). Quantitative comparison in terms of 

dissipated energy (positive, negative, and total: 𝐸(+,−)demonstrated good predictive capability

of the FEM, with percentage errors in total energy dissipation remaining low (Table 7).  

Specimen 
𝑬𝒆𝒙𝒑

(+) 𝑬𝑨𝒃𝒒
(+)

𝑬𝒆𝒙𝒑
(−) 𝑬𝑨𝒃𝒒

(−)
𝑬𝒆𝒙𝒑

(𝒕𝒐𝒕) 𝑬𝑨𝒃𝒒
(𝒕𝒐𝒕)

𝒆[𝑬(𝒕𝒐𝒕)]

[kJ] [kJ] [kJ] [kJ] [kJ] [kJ] [%] 

SHS-2 302.43 297.88 288.59 279.86 591.02 577.83 5.30 

SHS-5 531.02 541.37 546.32 523.67 1077.30 1065.00 2.80 

SHS-6 172.57 237.22 233.05 215.10 405.62 452.33 5.70 

SHS-7 137.29 167.65 166.49 157.11 303.78 324.76 3.30 

SHS-8 680.37 706.18 732.81 660.18 1413.20 1367.20 6.50 

Table 7. FE and Experimental energy data 

Additionally, the cumulative damage function, based on strength degradation per cycle, reached 

an average of 55% at failure, further validating the accuracy of the simulations. 
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Figure 3. Experimental vs Abaqus curves. 

Figure 4. Failure modes. 

5 CONCLUSIONS 

This study investigated the cyclic behaviour of Concrete-Filled Steel Tubes (CFTs) under 

constant-amplitude, non-uniform bending. Eight experimental tests were carried out on square 

hollow sections with varying width-to-thickness (B/t) ratios. A detailed finite element (FE) 

model was developed and validated through comparison with experimental data, showing good 

agreement in terms of load–displacement response, failure modes, and energy dissipation. 

The results can be summarized in bullets: 

• Outward local buckling consistently occurred with a single half-wave deformation pat-

tern.
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• Low-cycle fatigue behavior was characterized in terms of force degradation of an aver-

age value of 55% at failure.

• CFTs exhibited high ductility, enhanced by the confinement effect of the steel tube on

the concrete core.

• Comparison of experimental and FEM-based dissipated energy showed low prediction

errors (2.8%–6.5%).

While the number of tested specimens was limited, the framework developed in this work 

establishes a reliable foundation for future research on the seismic performance and fatigue 

behavior of CFT structures. 
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