Proceedings of International Conference on Civil Engineering Research & Innovations, 12 - 14 December 2025,
Rajshahi University of Engineering & Technology, Rajshahi, Bangladesh

Paper ID: 944

Parametric Investigation of Buckling Behaviour in Axially Compressed
High-Strength Concrete-Encased Steel Composite Columns

S. M. A. Abdullah?!, M. S. Siraj?, T. B. Mustafiz®, A. N. Sakib* M. I. Kabir®

'Department of Civil & Environmental Engineering, IUT, Gazipur (ayazabdullah@iut-dhaka.edu)
2Department of Civil & Environmental Engineering, IUT, Gazipur (siamsiraj@iut-dhaka.edu)
3Department of Civil & Environmental Engineering, IUT, Gazipur (tahiatul @iut-dhaka.edu)
“Department of Civil Engineering, BAIUST, Cumilla (sakib.ce@baiuest.ac.bd)
5Department of Civil & Environmental Engineering, IUT, Gazipur (imran.kabir@iut-dhaka.edu)

Abstract

Concrete-encased steel (CES) composite columns are increasingly adopted in modern construction due to superior
structural performance, including enhanced load-bearing capacity, improved buckling resistance, and greater
seismic resilience compared to conventional reinforced concrete systems. However, accurate prediction of
buckling capacity in CES columns incorporating high-strength concrete (HSC) and high-strength steel (HSS)
remains challenging. This limitation stems from both the absence of explicit design provisions in current codes for
these material combinations and the limited availability of experimental data, particularly for full-scale specimens.
These knowledge gaps compromise structural reliability and necessitate further investigation. To address this, the
buckling response of full-scale HSC-HSS CES columns under axial compression is investigated using advanced
numerical simulation. A validated three-dimensional nonlinear finite element (FE) model, developed in ABAQUS,
demonstrated excellent agreement with test results by accurately capturing load-displacement behaviour, initial
stiffness, buckling capacity, and failure modes. Building upon this model, a small-scale parametric study quantified
the influence of key geometric properties (steel section depth, flange width, flange thickness, web thickness) and
material properties (concrete compressive strength, steel yield stress) on buckling capacity. The findings elucidate
the sensitivity of buckling resistance to these parameters and provide essential data-driven insights. This research
contributes directly to developing more accurate and reliable design provisions for axially loaded high-strength
CES columns.

Keywords: Concrete encased composite columns; Buckling resistance; High-strength steel; High-strength
concrete; Numerical simulation.

1 Introduction

During the late 19™ and early 20™ century, a paradigm shift from concrete to steel columns transpired, primarily
steered by the industrial revolution and the advancement in steel production. The transition was further accelerated
due to the development of skyscrapers and the integration of steel and concrete into a single structural member.
This evolution from reinforced concrete columns to concrete-encased steel composite columns transpired as the
concrete encasement contributes to carrying compressive loads, provides protection to steel against fire and
corrosion, and enhances the overall load-carrying capacity and stiffness of columns (Campian et al., 2015). The
demand for high-strength steel (HSS) in the CES columns had further increased due to its better elastic behaviour
even under heavy loads. Earlier research (Lee et al., 2020) indicated that normal-strength concrete shows strain
incompatibility with HSS which leads to early concrete crushing. Hence, further investigations suggested that
replacement of normal-strength concrete with high-strength concrete (HSC) improved both the buckling capacity
carrying capacity (Begum et al., 2013), and the post-peak residual strength (B. Lai & Liew, 2021; B.-L. Lai et al.,
2021). However, the brittle nature of HSC possessed significant challenges in composite column design, leading
to early spalling of concrete cover and poor post-peak ductility (B. Lai et al., 2019). Several studies had been
conducted on various affecting parameters of HSC-CES columns in order to improve column capacity;
nevertheless, very few comparative analyses with existing design codes had been conducted. A few comparative
studies showed that ACI 318-08 underestimates the load-carrying capacity for not considering the lateral
confinement (Kim et al., 2012), EN 1994-1-1 overestimates the capacity by considering the full plastic capacity of
the steel sections (B. Lai et al., 2020). Due to such limited comparative data regarding code compliance, it is
evident that further studies are needed to ensure an accurate design guideline for HSC-CES columns by accounting
for all the factors that affect the strength of such structural members.

Since the behaviour of HSC-CES columns is still unexplored to a certain extent, this study aimed to numerically
investigate the buckling behaviour of HSC-CES columns through Finite Element (FE) modelling. The study
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involves a small-scale parametric investigation, which includes a wide range of geometric and material strength
parameters. Furthermore, a comparative study between different code prediction and numerical prediction has been
conducted for all the specimens from parametric study to contribute to the construction of an appropriate design
guideline to ensure strength and safety while maintaining cost-effectiveness.

2 Dataset Collection

For the comprehensive analysis of buckling behaviour of HSC-CES columns under concentric compression, a
dataset was chosen from literature (B. Lai et al., 2019). This experimental study was conducted on three full-scale
HSC-CES columns to assess their buckling behaviour under concentric compression. These specimens consist of
three (3) 3305 mm long columns with different cross-sectional dimensions of concrete and built-up steel sections,
constant clear cover of 35 mm with eight T13 longitudinal bars and D6 transverse bars at 100 mm intervals. The
detailed cross-sectional dimensions along with the compressive strength of concrete(f’), and yield strength of steel
sections(fss), longitudinal bars(fs), and transverse bars(fs;) are shown in Table 1.

Table 1. Details of test specimens

Ref Speci- Concrete Section Dimension e fss fsi Tt L
men  Dimension (mm) HXxWxtwXti(mm) (MPa) (MPa) (MPa) (MPa) (mm)
(B.Lai CES1 250 x 250 130 x 115 x 14 x 22 96 380 520 340 3305
etal, CES2 320 x 240 126 x 113 x 13 x 20 96 380 520 340 3305
2019) CES3 200 x 300 100 x 100 x 6 x 10 96 380 520 340 3305

Note: H, W, tw, tr and L refers to height, width, web thickness, flange thickness and depth of steel section, respectively.
3 Numerical Modelling

3.1 Parts, Assembly and Meshing

The numerical investigation requires the development of four primary parts for each column using the general-
purpose FE analysis software ABAQUS (Abaqus/CAE, DSSIMULIA, 2020). The inner structural steel section is
surrounded by the core concrete section, and the whole rebar cage, consisting of the longitudinal bars and
transverse bars, was embedded inside the core concrete. The steel section and the core concrete were modeled as
eight nodal hexahedral solid elements C3D8R, while the longitudinal rebars and the transverse rebars were
modeled as truss elements T3D2. Mesh sensitivity analysis is demonstrated in Figure 1 and Error! Reference
source not found. where it was observed that with an element size of 25 yields the most optimal number of
elements and the FE model can predict the buckling capacity accurately at minimum computational cost.
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Figure 1. Mesh Sensitivity Analysis
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Table 2. Mesh sensitivity analysis

Element No of Buckling
Size Elements capacity (KN)

20 42372 6789.16

25 28919 6791.61

28 18454 6742.26

32 13218 6724.51

35 10568 6718.28

(a) (b)
Figure 2. (a) Assembly of column; (b) Meshed view of column

3.2 Material Models

3.2.1 Concrete:

The concrete damaged plasticity model was used in ABAQUS to properly simulate the behaviour of high-strength
concrete under axial compression. Input parameters included Young’s Modulus (Ec), and Poisson’s Ratio (v) for
elastic behaviour of concrete. Under the plasticity of concrete damaged plasticity model, dilation angle (v),
eccentricity, the ratio of compressive strength under biaxial loading to uniaxial compressive strength (fyo/fc"), the
ratio of the second stress invariant on the tensile meridian to that on the compressive meridian (K¢) and viscosity
parameters were considered. The CEB model for concrete was used to calculate the compressive stress-strain
behaviour of high-strength concrete.

3.2.2 Steel Section and Rebars:

Experimental values of Young’s Modulus (Es) and Poisson’s Ratio (v) were used for simulating the elastic
behaviour of structural steel and rebars. In order to properly simulate the plastic behaviour of steel, the proposed
constitutive model by (Tao et al., 2013) was adopted.

3.3 Analysis Types, Surface Interaction and Constraints:

Two types of numerical analyses were performed for each model. Linear perturbation buckling analysis was first
performed to identify the critical buckling mode. Afterwards, the critical buckling mode was scaled by L/1000 to
incorporate the initial geometric imperfection for the non-linear static RIKS analysis to investigate the overall
buckling behaviour of the columns. In the case of linear perturbation buckling analysis, no interaction was set, and
“Tie” constraint was used between the steel section and core-concrete. While, for static RIKS analysis, a single
surface interaction was set at the interface between the core-concrete and the steel section. Along the normal
direction of the surfaces, “Hard” contact behaviour was employed, and along the tangential direction, ‘“Penalty”
was employed as the friction function. The friction co-efficient was set at 0.25. Regardless of the analysis type, all
the rebars were modeled as embedded region constraints situated inside the host region core-concrete.

Figure 3. Pin connection at both ends of the full-scale column
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3.4 Loading and Boundary Conditions:

At both ends of the full-scale HSC-CES columns, pin connections were used. The columns were allowed to rotate
about the weak axis of the steel section. However, rotation about the strong axis of the steel section was restricted.
The bottom end was fully constrained with no directional movements allowed. Nevertheless, at the top end, only
vertical movements were allowed as the load was applied by the application of displacement. The pin connections
were incorporated at the reference points situated at both ends of the columns. Thus, the boundary conditions for
the top pin were Ux=Uz=0, Uyv#0; URy=URz=0, URx#0, and for the bottom pin were Ux=Uz=Uv=0; URy=URz=0,
URx#0. The pin connections are shown in Figure 3.

3.5 Validation

The accuracy and reliability of the developed FE models were assessed by comparing the axial load-displacement
behaviour and the buckling capacity under concentric compression predicted by the FE model against the test
results. The comparison of buckling loads exhibited excellent similarities across all three specimens with a mean

ratio (Pee/Pexp) Of 1.071. The value of standard deviation was 0.072 and a coefficient variation of 6.681% for the
obtained buckling capacities as listed in Table 3.

Table 3. Comparison between the FE and experimental results

Column Buckling Load from Buckling Load from FE Ratio

Denotation Tests, Pexp (kN) analysis, Pre (KN) (Pre/Pexp)
CES1 5171.7 6063 1.172
CES 2 6681.6 6791.6 1.016
CES3 5756.9 5900.3 1.025

Mean 1.071
Standard Deviation (SD) 0.072

Coefficient of Variance (CV) 6.681
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Figure 4. Axial load vs. Vertical Displacement curve

The accuracy of the FE models was further assessed by comparing the axial load-vertical displacement curves
obtained from both experiments and FE analyses as shown in Figure 4. As seen, these curves demonstrate strong
correlation in terms of initial stiffness, elastic behaviour, and buckling capacities. Hence, it can be concluded that

the FE model successfully captured the overall structural behaviour of HSC-CES columns under concentric
loading.

4. Parametric Study

4.1. Overview

The validated FE model was adopted to carry out a small-scale parametric investigation to assess how changes in
geometry and material properties influence the buckling behaviour of high-strength CES columns. In the
parametric study, both geometric and material parameters were considered. The geometric parameters included
changes in the depth of the steel sections, changes in the width of flange, and changes in the web thickness of the
steel sections while the material variations were introduced by incorporating different yield strengths of steel (i.e.
690 MPa and 960 MPa), and compressive strengths of 60 MPa, 90 MPa, and 130 MPa for concrete. The material
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properties were chosen in such a manner that they represent the high-strength materials that are typically used in
contemporary structural engineering practices. The parametric study matrix is listed in Table 4.

4.2 Results of Parametric Study on Buckling Behaviour of HSC-CES Columns

The parametric study revealed that changing the key dimensions of the steel section consistently enhanced the
buckling capacity of HSC-CES columns. The results are given in Table 4 and plotted in Figure 5. It is observed
that for every 10 mm increase in I-section depth, the load capacity rose by approximately 2.5%, demonstrating a
nearly linear improvement in global buckling resistance. Similarly, when the width of the flange of the I-section
was increased by 10 mm, the axial capacity was enhanced by 2.38%, as the increased lateral stiffness and improved
concrete confinement more effectively delayed buckling. Even very little (2 mm) increments in web thickness
yielded a 1.66% capacity gain by enhancing local stability. These findings collectively indicated that carefully
proportioned changes in these geometric parameters can significantly improve columns’ performance.

Table 4. Parametric Study Matrix

Steel secti Overall FE Comparison with Codes
Param Design er\e}\lsj(z[loxnt Cross- results, EC4 AISC
-eter  -ation (mm)W f section  Pre(kN)  Pgg Prg Prg Ppg
(BxD) Ppcsa  Prcap Prca,c Pisc

H1 170 x 130 x 14 x 22  310x270  7997.7 1.17 1.26 1.43 1.35

<2  H2 160x130x14x22 300x270 78418 117 127 144 136
28 H3  150x130x14x22 290x270 76317 118 127 1.44 1.35
°s H4  140x130x14x22 280x270 74437 118 127 1.45 135
H5  130x130x14x22 270x270 72439 118 128 145 135

_ H6  220x210x8x8 360x350 118136 113 119 131 140
oS H7  220x190x8x8 360x330 111845 116 123 136 148
S28 H8  220x180x8x8 360x320 110847 120 127 142 157
© =5 Ho  220x170x8x8 360x310 108015 123 131 146 163

H10 220x160x8x8 360 x300 10467.0 1.25 1.34 1.50 1.70
H11 140x120x8x 16 280 x260  6218.2 113 121 1.38 143

- a :? H12  140x120x10x16 280x260  6313.0 1.14 1.23 1.40 1.43
§ _g € HI13  140x120x12x16 280x260  6584.8 1.18 1.27 1.45 1.47
= ‘;5 H14 140x120x14x16 280x260  6613.0 1.18 1.27 1.45 1.46
H15 140 x 120 x 16 x 16 280 x 260 6637.4 1.18 127 145 144
Mean 1.16 1.25 1.41 1.43
COV(%) 404 416 4.56 8.36
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Figure 5. Effect of different geometric parameters on buckling loads

5 Comparison of FE Simulated Buckling Loads with Codes’ Prediction
A comparative study between parametric investigation and code prediction has been conducted. The buckling

capacities obtained from parametric numerical investigation (Pee) have been compared with the analytical peaks
(Pcode) Obtained from the design codes of EN 1994-1-1 and AISC 360-10 (AISC 360-10, n.d.; EN 1994-1-1, n.d.).
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Both design codes were primarily formulated for bare steel columns, and further modifications were introduced to
consider the effect of concrete encasement and ensure proper composite action between the steel section and
concrete. From Error! Reference source not found. and Figure 6, it is observed that for all the numerical models,
EC4.and AISC underestimate the buckling capacity by 5% and 8% respectively. This indicates that these design
rules might not be able to predict buckling resistance accurately.
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Figure 6. Comparison between code prediction

6 Conclusions

This study investigates the buckling behaviour of high-strength concrete-encased steel (HSC-CES) composite
columns using finite element modeling. The model showed excellent agreement with experimental data, with a
mean ratio of 1.071 for buckling capacities. The parametric study revealed that increasing steel section depth by
10 mm improved axial capacity by 2.5%, flange width by 10 mm enhanced it by 2.38%, and a 2 mm increase in
web thickness raised capacity by 1.66%. Comparisons with design codes (EC4 and AISC) showed
underestimations of buckling resistance by 5% and 8%, respectively. These findings underscore the need for
updated design codes to accurately reflect the performance of high-strength composite columns.
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