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

Paper ID: 949

Spalling Mechanisms and Effects of Concrete Encasement in Axially
Compressed High Strength Concrete Encased Steel (CES) Columns

F. M. Raisal, S. N. Rupanty?, M. Mohiuddin®, A. N. Sakib*, M. I. Kabir®*

!Department of Civil & Environmental Engineering, IUT, Bangladesh (farihamaliyat@iut-dhaka.edu)
2Department of Civil & Environmental Engineering, IUT, Bangladesh (somailananziba@iut-dhaka.edu)
3Department of Civil & Environmental Engineering, IUT, Bangladesh (mohiuddin20@iut-dhaka.edu)
4Department of Civil Engineering, BAIUST, Bangladesh (sakib.ce@baiust.ac.bd)
5Department of Civil & Environmental Engineering, IUT, Bangladesh (imran.kabir@iut-dhaka.edu)

Abstract

With the rise of high-rise and wide span buildings, the use of high-strength concrete-encased steel (CES) composite
columns has increased significantly. Composite columns have an advantage over traditional reinforced columns in
terms of load-bearing capacity, ductility, fire and seismic resistance. However, when high-strength concrete (HSC)
and high-strength steel (HSS) are used together in CES columns, challenges arise, particularly regarding strain
incompatibility and brittle failure as the concrete cover crushes before the steel yields. Towards the goal of
overcoming this limitation, a numerical analysis was carried out to investigate the spalling behaviour and axial
performance of high-strength CES columns under concentric compression. Therefore, a three-dimensional
nonlinear finite element (FE) model was developed using ABAQUS. The FE model was validated against existing
experimental results in terms of axial load vs deformation behaviour, peak load, initial stiffness and damage
patterns. Results from the FE simulation aligned well with the test findings, accurately capturing the spalling
initiation and propagation as well as the buckling behaviour of reinforcement and steel section. Following the
validation, a small-scale parametric study was conducted on section geometry and encasement type with the aim
of mitigating premature spalling of concrete of CES columns constructed using HSC and HSS.
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1 Introduction

The rising demand for taller, longer, and more resilient structures places unprecedented pressure on traditional
reinforced concrete (RC) systems, which struggle to balance strength, ductility, construction speed as well as
durability. In this context, steel-concrete composite columns have emerged as vital load-bearing members with
enhanced capacity, improved seismic and fire resistance as well as reduced construction time (Lacki et al., 2018).
Among them, concrete-encased steel (CES) columns are renowned, with two major categories: partially encased
composite (PEC) and fully encased composite (FEC) columns (Chicoine et al., 2002; Mirza & Lacroix, 2004).
These columns provide smaller cross-sections, reduced foundation loads, and higher structural efficiency,
especially when high-strength materials are employed (Lai, et al., 2019; Pereira et al., 2016). Furthermore,
Ellobody & Young, (2011) and Kartheek & Venkat Das, (2020) revealed through Finite Element (FE) analysis
that FEC columns outperformed RC columns in load capacity, although slender members were prone to global
buckling. However, cover spalling, reinforcement buckling, and brittle crushing were still a concern specifically
when using high-strength concrete (HSC) beyond C90 (Kim et al., 2012; Lai et al., 2019; Xue et al., 2020).

The primary limitation of using HSC in CES columns lies in its low strain capacity (~0.33%), which is
incompatible with high-strength steel (HSS, ~0.40%), leading to inefficient material utilization and premature
failure (Khan et al., 2020; Lee et al., 2020). This study aims to address the limitation through numerical analysis
of 8 FEC stub columns with 4 different encasement materials such as, 130 MPa concrete (C130), polyvinyl alcohol
fibre reinforced engineered cementitious composite (PVA-ECC), steel-polyvinyl alcohol hybrid fibre engineered
cementitious composites (Steel-PVA Hybrid ECC), ultra-high performance fiber reinforced concrete (UHPFRC)
and two types of steel sections (i.e. slender and non-slender). Finally, co-relation between yielding of steel and
concrete cover damage was established to analyse the efficiency of each encasement to maximise the utilization
of steel section.

2 Finite Element (FE) Modelling

In this study, numerical analysis was carried out based on the axial compression tests on 6 high-strength CES stub

columns conducted by Lai et al., (2020). For more comprehensive information with detailed specimen
configurations, readers are referred to Lai et al., (2020).
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2.1 Element Type and Size

The FE software ABAQUS 6.20 (Getting Started with Abaqus/CAE - 2020 - DSSIMULIA_Established, 2020) was
employed to simulate and analyse the CES stub columns. The test specimens were modelled comprising four
components: the concrete encasement, an inner steel section, longitudinal reinforcement, and stirrup. The concrete
and steel components were discretized using 8-node linear brick elements with reduced integration (C3D8R). In
addition, three-dimensional truss elements (T3D2) were used to model the longitudinal reinforcement bars and
transverse stirrups. Finally, all components were assembled to replicate the test configuration (Lai et al., 2020) as
shown in Fig. 1. In order to ensure a balance between computational efficiency and result accuracy, a mesh
convergence study was conducted using seed sizes of 20 mm, 18 mm, 15 mm, and 12 mm. The analysis revealed
that peak load predictions converged at a seed size of 12 mm which was taken as the global mesh.
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Figure 1. Different Parts, Assembly with Meshing of the FE model

2.2 Surface Interaction, Constraints and Boundary Condition

Surface interactions and constraints were used to replicate the real-life interactions between the surfaces of
different materials and parts. Three types of interactions and constraints were used, such as, surface-to-surface
contact (Standard) interaction for steel and concrete, embedded region constraint for reinforcements and concrete
and finally, rigid body constraint for boundary conditions. Furthermore, static general procedure was followed,
and geometric non-linearity was considered for the analysis. Moreover, for the boundary conditions, the rotations
and translations in bottom surface were fixed (Ux= Uy=U,=0, URy=URy=UR = 0) whereas the only exception
to the top surface was that an axial prescribed displacement of 20-25 mm, from existing literature (Lai et al., 2020)
was applied (Ux= U,=0, Uy, #0, URx=UR,=UR = 0).

2.3 Constitutive Material Models

In CES columns, concrete is divided into three zones based on confinement from steel and reinforcement, for
instance, Unconfined Concrete (UCC), Partially Confined Concrete (PCC) and Highly Confined Concrete (HCC)
as shown in Figure 2. These zones exhibit different stress-strain behaviours and dilations under axial compression,
with steel confinement enhancing concrete ductility and strength. Considering these affects it was seen that UCC
followed the Concrete Damaged Plasticity (CDP) model from Carreira & Chu, (1985) whereas PCC and HCC
followed the CDP model from Khan et al., (2020) most effectively. For the Tensile behaviour, the equations
proposed by Tao et al., (2013) showed the most effective outcome. In addition to that, CDP models for specimens
with 5% steel fibers in the concrete were modified using equations proposed by Ezeldin & Balaguru, (1992). For
materials properties of Steel, longitudinal reinforcement and stirrups, model proposed by Tao et al., (2013) was
adopted.
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Figure 2. Zones of Concrete
Furthermore, different constitutive material models for UCC were incorporated into the parametric study to analyse
the effects of different concrete encasements on cover spalling. Four different materials were considered which are
130 MPa concrete (Khan et al., 2020), PVA-ECC (Meng et al., 2017), Steel-PVA Hybrid ECC (Khan et al., 2021)
and UHPFRC (Aoude et al., 2015).
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3 Validation

The FE simulated axial load-deformation curves were compared with the test results from Lai et al., (2020) in
Figure 3. The curves follow a very similar trend, especially in the initial stiffness and peak load regions, indicating

that the model accurately captures both stiffness and strength behaviours. Moreover, post peak axial load vs axial
shortening behaviours were reflected adequately.
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Figure 3. Comparison of Test and FE Simulation Results
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Figure 4. Damage Behaviour of Specimen (S690-C90-SP60-H)

The accuracy of the model in predicting peak axial loads was verified by the strong agreement between the
experimental and FE simulated peak loads. As shown in table 1, the FE simulated peak loads (Pge) closely matched
with the experimental peak loads (Pexp), with a mean simulated-to-experimental ratio of 1.033. Furthermore, the
standard deviation and coefficient of variance was 0.045 and 4.3%, respectively. This demonstrates a high level of
consistency and reliability in the FE simulated results. Furthermore, the cover spalling of concrete encasement and

buckling behaviour of the steel section and reinforcements were found to closely replicate test results as shown in
Figure 4.

486



F. M. Raisa, S. N. Rupanty, M. Mohiuddin, A. N. Sakib & M. I. Kabir

ICCEI 2025
Table 1. Comparison of Experimental (Pexp) vs FE Simulated Peak Load (Pge)
Experimental FE Simulated
Specimen Peak Load, Pexp Peak Load, Pre Ratio (Pre/Pexrp)
(kN) (kN)
S500-C90-SP90-H 9611 9742.36 1.014
S500-C90-SP60-H 9926 9918.81 0.999
S690-C90-SP60-H 9327 9599.91 1.029
S$690-C130-SP60-H 10,317 10306.7 0.999
S500-C90SF-SP60-H 11,241 11684.9 1.039
S690-C130SF-SP60-H 11,284 12617.8 1.118
Mean Ratio (Pre/Pexp) 1.033
Standard Deviation 0.045
Coefficient of Variance 4.3%

4 Discussion on Parametric Study

A small-scale parametric study was conducted on 8 specimens with varying encasement materials and 2 steel
sections, one non-slender and one slender. Table 2 shows the selected parameters for parametric study. The study
focused on encasement materials and steel sections. For instance, the notation “C1-PVA-ECC-NS” refers to the
specimen with encasement material PVA-ECC and non-slender steel section. Furthermore, to describe the
structural response, important performance metrics were taken from the simulations, such as, load-displacement
curves, peak load values, and load drop ratios. Based on different variables i.e. S22 and DAMAGEC, the extent of
steel yielding as well as concrete cover damage at 90% of peak load in the post-peak stage were quantified.

Table 2. Specimen Details for Parametric Study

Steel Cover Tie Steel ucc PCC and
. Encasement . . Dimension HCC
Specimen M - Grade Thickness Spacing Strength
aterial bxdxtwxts Strength
(MPa) (mm) (mm) (mm) (MPa) (MPa)
C1-PVA-ECC-NS PVA-ECC 60
C2-Hybrid-ECC-NS  Hybrid-ECC 220 x 180 x 100
C3-UHPFRC-NS UHPFRC 15x15 150
C4-C130-NS HSC 130
C5-PVA-ECCS  PvAECC 0% 40 60 60 130
C6-Hybrid-ECC-S  Hybrid-ECC 220 x 220 x 100
C7-UHPFRC-S UHPFRC 15x15 150
C8-C130-S HSC 130

Table 3 and Figure 5 summarize the critical numerical results obtained from parametric study. It was found that
specimens encased with UHPFRC consistently exhibited the highest peak loads along with better overall
performance, with C3-UHPFRC-NS reaching a peak load of 20380 kN and C7-UHPFRC-S reaching a peak load
of 23,290 kN as well as minimal concrete damage, alongside high steel yielding (79.32% for non-slender section
& 80.71% for slender section). This was closely followed by Hybrid-ECC, which also demonstrated high strength
and ductility, for example, C2-Hybrid-ECC-NS and C6-Hybrid-ECC-S showed significant steel yield percentages
(87.02% and 83.86% respectively at 90% of peak load) accompanied by controlled damage levels. Additionally,
PVA-ECC specimens performed moderately well in terms of load-carrying capacity and ductility when compared
with conventional concrete. The performance of PVA-ECC, however, was lower than that of the two other
encasements. For instance, C5-PVA-ECC-S reached a peak load of 18,499.1 kN with reasonable steel yielding of
78.43%. In contrast, specimens with conventional high-strength concrete (C130) had low peak loads, severely
limited ductility, and higher levels of concrete damage. The C8-C130-S specimen exhibited a peak load of only
17,102 kN, minimal steel yielding (1.29%), and significant cover damage (17.28% with d > 0.5), indicating poor
post-peak behaviour.
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Table 3. Results from Parametric Study

At 90% of Peak Load (Post Peak)

Peak Load Displacement B?gd Damaged Damaged Yielded
Specimen at Peak Load g Concrete Concrete
(kN) Ratio Steel
(mm) (%) d>0 d>0.5 (%)
(%) (%)
C1-PVA-ECC-NS 14793 243 20.86 39.08 27.74 64.23
C2-Hybrid-ECC-NS 17871.4 2.53 36.64 28.89 9.74 87.02
C3-UHPFRC-NS 20380 2.46 42.13 19.66 0.00 79.32
C4-C130-NS 15135 1.64 24.95 35.59 17.50 0.15
C5-PVA-ECC-S 18499.1 2.62 31.11 21.32 9.44 78.43
C6-Hybrid-ECC-S 20723.1 2.70 39.67 19.09 5.36 83.86
C7-UHPFRC-S 23290 2.54 43.63 14.34 0.00 80.71
C8-C130-S 17102 1.68 28.73 25.02 17.28 1.29
Comparison of Damaged Concrete, d>0 Comparison of Damaged Concrete, d>0
(C1-C4) (C5-C8)
130 MPa Concrete 35.59 130 MPa Concrete
25.02
UHPFRC 19.66 UHPFRC 14.34
Hybrid-ECC 28.89 Hybrid-ECC 19.09
PVA-ECC 39.08 PVA-ECC 21.32
0 10 20 30 40 50 0 10 20 30
Comparison of Yielded Steel Comparison of Yielded Steel
(C1-C4) (C5-C8)
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PVA-ECC 64.23 PVA-ECC 78.43
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Figure 5. Comparison of Damaged Concrete and Yielded Steel

5 Conclusions

This study investigates the spalling mechanisms and axial performance of HSC Encased Steel (CES) columns
under axial compression. A detailed FE model was developed using ABAQUS, which accurately simulated the
axial load versus deformation behaviour, peak load, and damage patterns. The model showed a high level of
agreement with experimental results, with a mean simulated-to-experimental peak load ratio of 1.033 and a
coefficient of variation of 4.3%. The parametric study focused on various encasement materials, revealing that
UHPFRC encased columns achieved the highest peak loads. For instance, the C3-UHPFRC-NS specimen reached
a peak load of 20,380 kN, and the C7-UHPFRC-S specimen reached 23,290 kN, representing an increase of 19.3%
and 36.1% respectively compared to the C8-C130-S column, which had a peak load of 17,102 kN. Additionally,
the C6-Hybrid-ECC-S specimen reached a peak load of 20,723 kN, a 21.5% increase over the C8-C130-S column,
with a steel yielding of 83.86%. In contrast, conventional high-strength concrete encased columns (e.g., C8-C130-
S) exhibited minimal steel yielding (1.29%) and significant concrete damage (17.28% for d > 0.5). These findings
suggest that materials like UHPFRC significantly improve the performance of CES columns by reducing concrete
spalling and maximizing steel utilization.
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