
Academic Editors: Han-Seung Lee,

Jitendra Kumar Singh and

Subbiah Karthick

Received: 27 January 2025

Revised: 7 February 2025

Accepted: 11 February 2025

Published: 13 February 2025

Citation: Ahamed, A.; Nifla, F.;

Thamboo, J.; Asad, M.; Zahra, T.

Assessment of RC Columns Under

Axial Compression for Un-Corroded

and Corroded Stirrups Scenarios: A

Practice-Oriented Numerical

Approach. Buildings 2025, 15, 579.

https://doi.org/10.3390/

buildings15040579

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Assessment of RC Columns Under Axial Compression for
Un-Corroded and Corroded Stirrups Scenarios:
A Practice-Oriented Numerical Approach
Aabith Ahamed 1, Fathima Nifla 1 , Julian Thamboo 1,* , Mohammad Asad 2 and Tatheer Zahra 2

1 Department of Civil Engineering, South Eastern University of Sri Lanka, Oluvil 32360, Sri Lanka;
aabithmashood@seu.ac.lk (A.A.); fathinif1998@seu.ac.lk (F.N.)

2 School of Civil & Environmental Engineering, Queensland University of Technology,
Brisbane, QLD 4000, Australia; m.asad@qut.edu.au (M.A.); t.zahra@qut.edu.au (T.Z.)

* Correspondence: jathamboo@seu.ac.lk; Tel.: +947-6640-7474

Abstract: This paper presents a practice-oriented numerical modelling procedure to assess
the loadbearing capacity of reinforced concrete (RC) columns under axial compression
loading. A simplified procedure was incorporated to analyse the performance of RC
columns with corroded stirrups, a prevalent deterioration phenomenon in corroded RC
columns. The modelling framework incorporates material and geometric nonlinearities
caused by material and buckling failure under axial compression, utilising the Arc-length
algorithm with integrated geometric imperfections. Stirrup corrosion scenarios were
incorporated by removing stirrups and modifying core concrete confinement properties,
providing a practice-oriented approach to assess the loadbearing capacity of corroded
columns. The study focused on square RC columns that are commonly used in low-rise
buildings with nominal reinforcement detailing. The modelling method was validated
against experimental data, and it showed a good agreement. A comprehensive parametric
analysis was then conducted to examine the effects of critical design parameters, including
(1) slenderness, (2) eccentricity, (3) stirrup corrosion, and (4) material properties, on axial
compression performance. Parametric analyses demonstrated that the developed modelling
technique appropriately predicted the axial compression behaviour of un-corroded RC
columns in alignment with analytical design rules. For stirrup-corroded RC columns, the
absence of confinement for up to 300 mm length near the base, due to stirrup corrosion, led
to premature buckling. Based on the analysed cases, the reduction in bearing capacity of
the stirrup-corroded RC columns could range between 4.9 and 18.6% (higher for slender
columns) as compared to corresponding un-corroded RC columns.

Keywords: buckling; columns; corrosion; finite element model; reinforced concrete; stirrups

1. Introduction
The braced reinforced concrete (RC) columns are conventionally designed to resist

only gravity actions in low- to medium-rise buildings; as a result, they are invariably
subjected to axial and bending effects. Since columns are the primary elements that transfer
gravity actions to the foundations, their failure may lead to partial/complete failure of the
structure. Due to their importance in transferring loading in buildings, most of the studies
in the past on RC columns were focused on extreme loading scenarios, such as seismic,
impact (e.g., vehicles), and blast loadings [1–3]. Nonetheless, reinforcement corrosion is one
of the prominent factors that contributes to the deterioration of RC elements. The corrosions
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in RC elements are initiated either by carbonation or ingress of chloride [4,5]. Consequently,
corrosion in reinforcement causes the spalling of cover concrete, decreased cross-sectional
area and strength of reinforcement, and a reduction in bond stress between reinforcement
and surrounding concrete, thereby leading to the reduced overall loadbearing capacity
of RC elements [6]. Particularly, in RC columns, the spalling of cover concrete and the
corrosion of stirrups, as shown in Figure 1, are commonly observed in aged buildings.
The corrosion of stirrups in the RC columns reduce the confinement of core concrete and
the lateral restraint of the vertical reinforcement bars, which may lead to the premature
buckling of vertical reinforcement bars, leading to failure. It is vital to understand the
behaviour of corroded RC columns, to assess their residual loadbearing capacities for any
mitigation measures to restore their intended capacity.
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Figure 1. Corrosions noticed in RC columns.

Numerous researchers have evaluated the behaviour of corroded RC columns sub-
jected to various loading conditions [7–9]. For instance, Vu and Li [7] experimentally anal-
ysed the seismic performance of corroded and un-corroded RC columns, demonstrating that
corrosion significantly reduces shear strength and deformation capacity. Firouzi et al. [8]
developed a time-dependent reliability model, revealing increased failure probabilities
due to corrosion but lacking experimental validation. Li et al. [9] investigated the effects
of non-uniform corrosion on seismic performance and proposed a new failure criterion.
Nevertheless, a considerable number of these studies primarily focused on examining the
response of short RC columns subjected to axial compression in the presence of induced
corrosion [10–14]. Wu et al. [10] investigated the combined effects of sustained load and
corrosion on the mechanical properties of RC columns using 250 mm × 250 mm × 600 mm
axial compression members. Chotickai et al. [11] explored the effectiveness of carbon
fibre-reinforced polymer (CFRP) in strengthening corroded RC columns under eccentric
loading, with the specimens subjected to accelerated corrosion through submersion in a
5% NaCl solution. However, these studies are limited to material scale testing of corroded
RC elements. Li et al. [15] tested 10 750 mm high RC columns and attempted to simulate
the effect of reinforcement corrosion phenomena on the loadbearing capacities under axial
compression. It was concluded that as the level of corrosion increased, both the stiffness
and ultimate compressive strengths of the columns was reduced by about 42% compared
to corresponding un-corroded RC columns. Zhang et al. [16] analysed the stirrup corrosion
scenarios of short RC columns and their impact on losses of confinement. They proposed a
modified Mander’s model [17] to predict the bearing capacity and stress–strain correlation
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of concrete constrained by corroded stirrups. Although few studies have looked into com-
prehending the moment capacities of full-scale corroded columns, by applying in-plane
cyclic loads to simulate the seismic loading [18–21], the loadbearing capacities of full-scale
columns under axial compression with different corrosion scenarios are not well explored.
Full-scale columns may experience second-order buckling failure, rather than crushing
caused by material failure under axial compression [22].

Experimental studies on full-scale RC columns are challenging due to logistical and
laboratory constraints. In addition, investigating specific corrosion scenarios (in stirrups
or main reinforcement bars) for RC elements is difficult to implement through laboratory
experiments. Therefore, alternate approaches such as analytical or numerical methods
can be considered to assess the loadbearing behaviour of full-scale corroded RC columns.
With the advancement of numerical methods, limited efforts have been made in the past
to explore the behaviour of corroded RC elements [23–25]. Rao et al. [23] developed
a simplified nonlinear analytical model to assess the deterioration of RC bridge piers
due to chloride-induced reinforcement corrosion. In another study, Mohammed et al. [25]
introduced a nonlinear finite element analysis framework for assessing the residual capacity
of corroded RC beam-columns, incorporating material degradation and bond damage
effects. Although the model demonstrated high numerical stability and convergence, its
application was primarily limited to slab-on-girder bridge columns. However, most of these
studies were focused on the behaviour of corroded RC beams [26–28] using finite element
(FE) methods. For instance, Alabduljabbar et al. [26] introduced a novel approach that
combines neural network (NN) modelling with FE analysis to predict the flexural behaviour
of corrosion-damaged concrete beams. BaniAsad and Dehestani [28] developed a simplified
FE modelling methodology to incorporate corrosion-induced bond-slip effects into the
analysis of RC beams. For RC columns, the main interest was numerically assessing
the lateral loading response in situations such as under seismic (or cyclic) and impact
conditions [24,29,30]. Vu et al. [24] proposed a three-dimensional nonlinear finite element
(FE) model to predict the strength and drift capacity of corroded RC columns under seismic
loading. While the study provided insights into lateral load resistance and deformation
capacity, it did not focus on the axial loadbearing capacity of corroded columns, which
is a critical parameter in structural performance assessment. It can be said that there
is a need for a proper numerical modelling method to predict the axial behaviour of
full-scale RC columns, particularly for the corroded RC columns. This highlights the
necessity of a systematic approach to gain a comprehensive understanding of the axial
compression behaviour of RC columns. As mentioned earlier, the RC columns under axial
compression are susceptible to material crushing or buckling failure, where the failure
depends on the slenderness of the member. The load eccentricity and boundary conditions
(support restraint at top and bottom) also influence the axial compression. In addition, the
material properties (strengths of concrete and reinforcement in RC columns) also affect the
overall compressive strength and deformability. A numerical modelling approach must
be developed to evaluate the axial compression behaviour of RC columns to capture the
above-mentioned phenomena, so that the realistic performance can be evaluated.

In this study, the FE modelling concept developed by Asad et al. [31] for analysing
the axial compression characteristics of reinforced masonry wall segment was extended
to evaluate RC columns subjected to axial compression behaviour. A practice-oriented
simplified approach was used to evaluate the loadbearing capacities of RC columns in
this study. The concept of stirrup corrosion scenarios in RC columns was simulated by
removing the lateral constraints provided to the vertical reinforcement bars and modifying
the confined concrete strength properties assigned to the core concrete. This can be con-
sidered as a practice-oriented approach to assess the loadbearing capacities of corroded
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columns, as incorporating the actual corrosion profiles of bars and spalled concrete cover
portions is difficult to measure and model. The details of the FE modelling procedure
and the validation of the modelling method with the experimental results are given in
Sections 2 and 3, respectively. The validated modelling approach was extended to sys-
tematically evaluate the factors (eccentricity, slenderness, and material properties) that
impact the axial compression behaviour of both un-corroded and corroded columns, and
the results are given in Section 4.

2. Finite Element Modelling Method
A 3D-FE modelling technique for RC columns was developed to analyse the RC

columns under axial compression using the ABAQUS FE 2019 version [32]. The details of
the modelling procedures are given in following sub-sections.

2.1. Modelling Procedure

The material failure of the RC column under axial compression was incorporated
using nonlinear constitutive models of the materials (concrete and steel). The constitutive
behaviour of concrete was assigned using the Concrete Damage Plasticity (CDP) model
available in ABAQUS [32]. The CDP model is widely used to simulate the damage be-
haviour of concrete under compression and tension stress states. The degradation of the
stiffnesses under these under compression and tension stress states is defined by two
damage variables, dc and dt, which are considered to be functions of the respective inelas-
tic strains in concrete [33–35]. The material characteristics of steel bar were represented
using an elasto-plastic stress–strain model. To account for the buckling failure, both the
eigenvalue buckling algorithm, which is employed for linear elastic buckling analyses, and
the arc-length method utilised for nonlinear elastic-plastic buckling analyses were used to
capture the buckling failure of the elements. To simulate the axial compression behaviour
of RC columns incorporating material and buckling failure phenomena, the Modified
Riks method in ABAQUS [32] was used. The axial load–displacement relationship under
buckling is characterised by a critical point (bifurcation point). The general definition of
the critical point can be defined as per Equation (1).

KNMVM =
(

KNM
0 + λiKMN

∆

)
VM

i = 0, (1)

where the tangential stiffness matrix and trivial displacement solution of buckling modes
are denoted by KNM and VM, respectively. The eigenvalue of an ith mode (λi) represents
a linear perturbation of the base state. Then, the critical buckling load (Pcr) for total axial
load (Q) can be found from Equation (2).

Pcr = λiQ, (2)

The critical elastic buckling load and the respective modes of buckling can be deter-
mined from the eigenvalue buckling algorithm. The geometric imperfection was introduced,
by using a linear eigenvalue perturbation buckling analysis through linear superposition
of the buckling Eigenmodes in the models. The initial imperfection values were required to
incorporate buckling phenomena into the model. The modelling of the buckling behaviour
was executed in three stages. First, the eigenvalue buckling modes were determined using
the elastic model. Then, parameters for scaling the initial irregularities were determined
through a systematic parametric study. Once the scaling parameters were determined, a
combination of scaled modes of buckling was used as the initial geometric imperfection to
run the Modified Riks model in ABAQUS [32]. The buckling analysis procedure was firstly
implemented with a steel reinforcement bar only. A 16 mm diameter steel reinforcement
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bar with yield stress of 550 MPa and length of 2000 mm was considered to demonstrate the
modelling as shown in Figure 2a. Bar geometry was meshed using 3D solid elements with
eight integration points (C3D8R) available in ABAQUS [32]. Poisson’s ratio and Young’s
modulus of steel bars were set to 0.3 and 200 GPa, respectively. The bar was supported
as pinned at the bottom, with rotation allowed at both ends. The critical buckling load
computed for the modelled bar using Equation (2) was compared with Euler’s buckling
load obtained from Equation (3) to quantitatively verify the accuracy of the buckling pre-
diction from the eigenvalue buckling algorithm. Table 1 gives the predicted buckling loads
against the analytical buckling loads. The buckling modes obtained are shown in Figure 2b.
The errors of the numerically predicted values were less than 1%, proving the accuracy of
buckling analyses conducted on the single bar. The modelling concept was then extended
to analyse full-scale RC columns incorporating the bar buckling phenomenon.

σcr =
n2Π2EI

L2
e

, (3)

where n, I, E, and le are the restraint factor, second moment of area, Young’s modulus, and
effective length of the column, respectively.
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Table 1. Comparison of predicted buckling load and Euler’s theoretical buckling load.

Mode of Buckling Axial Load Q (kN) Eigenvalue (λi) Pcr FE Result (kN) Pcr Theoretical (kN) Error (%)

1 0.201 7.9 1.58 1.59 0.77
2 0.201 31.4 6.31 6.36 0.79
3 0.201 70.6 14.19 14.30 0.82

2.2. FE Model of RC Column

Once the single reinforcement bar model was calibrated under axial buckling, a
complete full-scale column comprising of concrete, stirrups, and reinforcement bars was
developed. Figure 3 shows the typical RC column model developed in ABAQUS [32]. The
concrete section in the column was partitioned into confined (core) and unconfined (cover)
segments (the sections were divided into different portions) as shown in Figure 3a, using
the partitioning technique available in ABAQUS [32]. Usually, the unconfined compressive
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strength of concrete is determined in experimental studies (either by testing concrete
cylinders or cubes). From these values, the confined concrete properties were derived using
the Mander’s model [17]; more details about the derivation of confined properties are given
in Section 3.1. The elasto-plastic material model was assigned to the reinforcement bars
and stirrups, and details of the assigned material properties are given in Section 3.2. Both
concrete and steel bars were modelled as 3D solid elements (C3D8R), with eight integration
points. The stirrups were modelled using truss elements (T3D2). Mesh sensitivity analysis
was carried out using different global mesh sizes (8 mm, 10 mm, 12 mm, 14 mm, and
16 mm) to determine suitable mesh size and a structured meshing method was used to
generate an appropriate mesh configuration for the instances. The results showed that
the global mesh sizes ranging from 8 mm to 16 mm predicted the same capacity when
compared to each other. Therefore, it can be said that the mesh sizes in this range have
a negligible influence on the FE results of this model. Subsequently, concrete and steel
sections were modelled with 10 mm square size elements as shown in Figure 3b.
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Although the bond between reinforcement and concrete is not uniform, for simplicity,
a perfect bond assumption (assuming no relative displacement between concrete and rein-
forcement) was considered and a perfect bond through embedment option in ABAQUS [32]
was used [36,37]. It was presumed that under axial effects, the assumption of a perfect
bond between reinforcement bars and concrete could be rational, as the shear stresses at the
reinforcement bars and concrete interface are minimal. Moreover, the contact between the
vertical reinforcement bars and stirrups was provided by tie constraints throughout the col-
umn height as shown in Figure 3 to provide buckling restraint to the vertical reinforcement
bars. Initially, eigenvalue buckling analysis was performed on the full-scale RC column
model to predict the critical buckling load, which was considered as the maximum load
that a column could sustain until it experienced elastic buckling failure. Hence, a suitable
initial imperfection configuration was calibrated using a trial-and-error method, which was
then assigned to the model.

2.3. Modelling the Corroded Stirrup RC Columns

The corrosion of stirrups in the RC columns is conventionally followed by cracking or
spalling of cover concrete (vice versa also happens, where corrosions of stirrups inside the
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concrete can also trigger cracking and spalling of cover concrete). In order to numerically
simulate the stirrup corrosion scenario in RC columns, the cover concrete at the corroded
stirrup location of the columns was removed from the model as shown in Figure 4a. It can
be noted that the removed cover concrete portion is at the bottom of the column, as spalling
of cover concrete (i.e., 300 mm on one face of the column) at the bottom of the columns is
commonly observed in real practices (see Figure 1). As corrosion reduces the area of cross-
section and tensile strength of the stirrups, it would effectively reduce the confinement
of the core concrete, as well as the restraint provided to the vertical reinforcement bars
against axial buckling. In order to simulate such conditions, the stirrups were removed in
the RC column model only in the corroded portions considered. Since the stirrups were
removed, the properties of core concrete in this section were considered similar to those of
cover concrete (unconfined) as presented in Figure 4b.
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(b) removal of lateral restrainers.

This approach of completely removing the corroded stirrups can be an over-
conservative way of assessing the capacities of such columns, as there can be certain
portions of corroded stirrups that exist, with reduced cross-sectional area and strength
and some confinement. However, numerically modelling such conditions is very com-
plex, and not prudent. In practice, it is conventionally assumed that the confinement
is lost due to corrosion and jacketing is normally recommended (using RC section en-
largement or fibre-reinforced polymers), and designs are carried out presuming such
scenarios to retrofit these columns. Complete removal of stirrups to simulate corroded
stirrups could be an over-simplification, as the corroded stirrups would have residual
tensile strength and a reduced level of confinement. However, estimating the exact level of
corrosion in steel stirrups is difficult to quantify. Therefore, the performance of corroded
stirrup columns was evaluated by assuming complete removal of the corroded stirrups
and, thereby, reduced confinement and lateral restraint to the vertical bars in that portion.
These assumptions enabled a conservative prediction of the overall residual loadbearing
capacity of the stirrup-corroded RC column. The differences between the modelling of
un-corroded and stirrup-corroded RC columns were (1) the deletion of cover concrete,
(2) the removal of stirrups, and (3) the assignment of unconfined properties to core concrete
(for the stirrup-corroded region considered).
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3. Verification of the Modelling Method
The FE modelling procedure was verified against the experimental results to recognise

their predictability in terms of failure patterns and axial capacities. As mentioned earlier,
not many experimental studies are available on assessing the axial compression behaviour
of full-scale RC columns, as a majority of the studies focused on the compression behaviour
of short RC columns and flexural behaviour of full-scale columns. While some studies
have reported the corroded behaviour of RC columns under axial compression, the exact
corrosion scenarios, especially the stirrup corrosion scenarios, were not explicitly investi-
gated through experimental studies [10–12]. Therefore, the verification of the established
numerical modelling procedure was made with the limited experimental data available.
A brief description of the experimental study used for model validation, details of the
representative FE models, and the FE model predictions in terms of failure modes and axial
strength and displacement characteristics are given in the following sub-sections.

3.1. Experimental Description

The experimental study conducted by Rodriguez et al. [38] was considered to validate
the developed FE model procedure. In this study, two types of RC columns referred to as
Type 1 and Type 2 were tested. The properties of the materials and the configurations of the
tested columns and their axial loading test set-up adopted in this experimental study were
considered to model the RC columns. The predicted failure patterns and load-deflection
responses from the FE model were compared with the experimentally obtained results. The
experimental configurations of the Type 1 and Type 2 columns are shown in Figure 5a. The
differences between the Type 1 and Type 2 columns were the sizes of vertical reinforcement
bars; the Type 1 column comprised 8 mm bars, while Type 2 had 16 mm bars. Additionally,
6 mm stirrups were provided at 100 mm and 150 mm spacing for Type 1 and Type 2
columns, respectively. The height of both column types was 2 m.

The yield stress of the main reinforcement bar and stirrups used in the experimental
study ranged between 550 and 590 MPa. The unconfined compressive strengths of concrete
used in Type 1 and Type 2 columns were 30 MPa and 34 MPa, respectively. The columns
were tested with a pinned-pinned support condition (i.e., lateral translations were fixed
and rotations were allowed). The exact experiment configurations of the RC columns of
Type 1 and Type 2 were created using the FE modelling concept described earlier. Figure 5b
represents the FE models of the RC column reported in Rodríguez et al. [38]. All nodes
of the stirrup in contact with the vertical steel bar were connected to the nodes of the
vertical steel bar at tangent points, employing the tie constraints available in ABAQUS [32].
The remaining nodes of the stirrup were integrated into the adjacent 3D solid elements of
concrete to model the interaction between stirrups and concrete.

The material parameters employed within the FE model are presented in Table 2.
It is important to highlight that only unconfined concrete properties were provided in
Rodriguez et al. [38]. However, in the adopted modelling concept, the cover and core
concrete portions of the column section were considered as unconfined and confined,
respectively. The confined properties of the concrete were deduced using the formulations
given in Mander et al. [17], using the general solution of the multiaxial failure criterion
in terms of lateral confining stresses and unconfined strength properties as illustrated in
Figure 6. The equations used to determine the effective lateral confining stresses (fr, eff) are
given in Equations (4)–(6).

fr =
∑ Atr fy

sdC
, (4)

ke =
Ae

ACC
, (5)
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fr,e f f = ke fr, (6)

where ke, Ae, ACC, fr, Atr, fy, s, and dC are the confinement effectiveness co-efficient, area of
effectively confined concrete core, area of concrete core, lateral confining stress, total area of
transverse bars running in the respective directions (x and y), yield strength of the transverse
reinforcement, centre-to-centre spacing of stirrups, and core dimensions to centrelines of
perimeter hoop, respectively [39]. Figure 7 gives the constitutive stress–strain responses
assigned in the FE models based on the experimental data provided for the concrete and
steel sections. Using the unconfined concrete strengths given in the experimental study, the
complete stress–strain curves under axial compression of the concretes were established
based on EN 1992-1-1 [40]. The corresponding confined stress–strain curves under axial
compression were developed using the methodology outlined by Mander et al. [41] as given
in Equations (7)–(9), where f ′cc, and εcc are the maximum concrete stress and corresponding
strain, while fc, εc, and Ec are the confined concrete stress, longitudinal compressive concrete
strain, and tangent elasticity modulus of concrete, respectively. The stress–strain profiles of
the concrete under axial tension were derived using the tension-softening curve suggested
by Massicotte et al. [42]. Rigid body constraint was used to represent all the nodes on the
top surface of the column and the displacement control method was used to simulate the
loading, where a displacement due to axial compression was assigned to the reference
point, reproducing the experimental testing method as shown in Figure 5c.

fc =
f ′ccxr

r − 1 + xr , (7)

r =
Ec

Ec − f ′cc
εcc

, (8)

x =
εc

εcc
, (9)

Table 2. Material parameters used in the FE model of RC columns.

Material Parameters (MPa)
Values

Type 1 Type 2

Unconfined concrete
Compressive strength 30 34

Tensile strength 2.9 3.2
Young’s modulus 26,000 28,000

Confined concrete
Compressive strength 33 35.4

Tensile strength 2.9 3.2
Young’s modulus 30,000 30,000

Main reinforcement
Yield strength 550 550

Young’s modulus 200,000 200,000

Stirrups Yield strength 550 550
Young’s modulus 200,000 200,000

CDP model parameters

Concrete Dilation angle 36◦ 36◦

Eccentricity 0.1 0.1
Strength ratio 1.16 1.16
Shape factor 0.67 0.67

Viscosity 0.002 0.002
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3.2. Validation Results

Figure 8 shows the failure patterns of RC columns observed in the experimental test-
ing as well as from the analysed FE models. Apparently, RC columns tested under axial
compression failed by cracks developed vertically on the faces, parallel to the loading; simi-
larly, the failure patterns of the FE models also revealed that the tensile stresses developed
on the faces of the column due to dilation under axial loading. Since the height of the
tested columns was only 2 m, the buckling failure was not prominent (i.e., they were short
columns). No notable distinctions in the failure pattern were observed between Type 1 and
Type 2 columns, indicating that the reinforcement detailing did not significantly influence
the axial compression behaviour of the columns tested. Figure 9 shows the experimental
and numerical axial load–displacement responses of the RC columns. The experimental
peak loads of Type 1 and Type 2 RC columns were 1292 kN and 1683 kN, respectively,
whereas the numerically predicted peak axial loads were 1236 kN and 1699 kN, respectively.
It could be noted that the experimental and numerical load-deflection responses follow
similar pattern, which proves the accuracy of the established numerical modelling method
to simulate the axial compression behaviour of full-scale columns.
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4. Parametric Analyses
The verified FE modelling method to assess the axial compression behaviour of RC

columns was extended to assess the various factors that affect the axial compression be-
haviour of RC columns. In the absence of experimental studies on the stirrup-corroded
RC columns under axial compression, the developed modelling method was used to para-
metrically analyse the performance of the stirrup-corroded RC columns. The parametric
analyses were implemented in two stages: (1) assessing the performances of un-corroded
columns and (2) assessing the performances of corroded columns. The variables considered
in the first stage of parametric analyses were (a) the grade of concrete (20 MPa and 40 MPa),
with this being an unconfined property (respective confined properties are provided in
Appendix A), (b) vertical reinforcement detailing (using T16 and T20 bars), (c) slenderness
ratios (which correspond to column heights of 3 m and 4 m), and (d) eccentricity (0, h/3,
and h/6), where h is considered as the width of the column. Only two levels of eccentric-
ity were analysed to compare the results against the concentric loading results obtained
and, thereby, to derive the moment–axial load (M–N) interaction diagrams to deduce the
performance of eccentric loaded RC columns. In the second stage of the corroded stirrup
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analyses, the same variables were considered with stirrup-corrosion scenarios using the
concepts explained in Section 4.2.

It must be mentioned that influence of various reinforcement detailing was not consid-
ered; however, it was limited regarding the RC column configurations found in low-rise
RC buildings’ gravity load combinations. The stirrup arrangement used was 6 mm bars at
100 mm uniform spacing throughout the heights of the RC columns analysed. The consid-
ered RC column cross-sections with reinforcement arrangement are shown in Figure 10a.
No variation in the stirrup spacing was considered in this study (particularly closer to
ends), resembling the end of beam and slab as per EN 1992-1-1 [40]. The uniform stir-
rup spacing considered was based on the criterion of minimum {12ϕ; min {0.6 h; 0.6 b};
240 mm}, where the ϕ, h, and b are the diameter of the vertical bar, width, and length of
the column, respectively. The adopted stirrup spacing of 100 mm was within this range.
The influence of various other reinforcement configurations could be addressed in future
studies. The end boundary conditions at the bottom of the RC columns analysed were
fully restrained as shown in Figure 10b; thus, lateral and vertical translations, as well as the
rotations of the column at the bottom, were restrained. At the top, lateral translations and
rotations were restrained, and only vertical translation was allowed for the application of
axial compressive loading.
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with respective loading points.

In order to denote the analysed RC column cases, an alpha-numeric nomenclature
was used. The first set of letters in the nomenclature indicates the corrosive state (un-
corroded column/UC and corroded column/CC), the second set of letters represents the



Buildings 2025, 15, 579 14 of 23

unconfined compressive strength of concrete (20 MPa and 40 MPa), and the third set of
letters represents the vertical reinforcement bars used (T16 and T20). The final notation
reveals the height of the column analysed. For example, UC-C40-T16-4 implies a 4 m
tall, un-corroded RC column made of concrete with a 40 MPa unconfined strength (cover
portion) and reinforced using 16 mm vertical bars. In total, 72 column cases were analysed,
taking into consideration the corrosion at tensile and compressive regions. The results
obtained were assessed with the analytically derived interaction diagrams of the analysed
RC columns, which were modified to account for the confined and unconfined concrete
properties as well as the stirrup corrosion scenarios. The results of the parametric analyses
are given in detail in Appendix B for each case along with the nomenclature used. The
analytical derivation procedure for the un-corroded and corroded RC column capacities is
given in the following sub-section.

4.1. Modified (M–N) Interaction Diagrams

The conventional method to develop the interaction diagrams based on strain compat-
ibility was modified to account for the confinement of concrete in un-corroded RC columns,
while the absence of stirrups and confinement was considered for the corroded RC column
cases. Figure 11 depicts the cross-sectional representation of a member with the distribution
of normal stress and strain for varying locations of the neutral axis and the cross-section
is subjected to a moment (M) and an axial compressive force (N). The direction of the
moment illustrated in Figure 11a induces compression in the upper portion of the section
and tension in the lower portion. For instances, where the section experiences tension, the
maximum allowable concrete strain is taken as 0.0035. Conversely, when the section is not
subjected to tension (Figure 11b), the maximum allowable strain was considered as 0.00175
at half the depth of the section [43].

The formulations developed to derive the interaction diagrams at different depths
of neutral axis incorporating confined and unconfined regions of concrete are given in
Equations (10)–(15):

Considering the equilibrium of the section,

N = Fcc + Fsc + Fs, (10)

where Fcc, Fsc, and Fs are the compressive force in concrete, which acts through the centroid
of the stress block; the compressive force in the reinforcement area A′

s, which acts through
its centroid; and the tensile or compressive force in the reinforcement area As, which acts
through its centroid; respectively. Fcc comprises both compression due to unconfined
and confined region and, for simplicity, it is assumed to be acting at the centroid of the
stress block.

0.8x < h; Fcc = fck,uncon A′′
uncon + fck,con f ined A′′

con, (11)

N = Fcc + fsc A′
s + fs As, (12)

0.8x ≥ h; N = ( fck,uncon Auncon + fck,con Acon) + fsc A′
s + fs As, (13)

Taking moments about the plastic centroid

0.8x < h; M = Fcc

(
xp − 0.8

x
2

)
+ Fsc

(
xp − d′

)
+ Fs

(
d − xp

)
, (14)

0.8x < h; M = Fcc

(
xp −

h
2

)
+ Fsc

(
xp − d′

)
+ Fs

(
d − xp

)
, (15)
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4.2. Comparison of Analytical and FE Predicted Results

The M–N diagrams developed using the analytical formulations are compared with
the numerically predicted capacities of the RC column cases (un-corroded and corroded)
considered in the parametric analyses and discussed in this section.

4.2.1. Un-Corroded RC Columns

In total, 24 un-corroded RC column models were created and analysed under con-
centric and eccentric axial loading conditions with different variables (concrete strengths,
reinforcement detailing, and slenderness). The results obtained in the parametric analyses
are given in Figure 12. The slenderness of the columns was computed as per Equation (22),
where r and lo are the radius of gyration and effective height, respectively. The lo was
taken as 0.75l, as both ends of the columns fully restrained, where both lateral translation
and rotations were fixed in the columns, resembling monolithic construction. Thus, the
slenderness ratios computed for 3 m and 4 m column cases considered were 31.2 and
41.6, respectively.

λs =
l0
r

, (16)
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Figure 12. Comparisons of theoretical interaction (N–M) diagrams with numerical simulations of un-
corroded columns of (a) 20 MPa concrete strength with 16 mm reinforcement bars, (b) 40 MPa concrete
strength with 16 mm reinforcement bars, (c) 20 MPa concrete strength with 20 mm reinforcement
bars, and (d) 40 MPa concrete strength with 20 mm reinforcement bars.

It can be noted from Figure 12 that the axial resistance of the columns decreased as the
slenderness ratios increased for the cases analysed, despite the changes in the compressive
strengths of concrete and reinforcement detailing considered. When the slenderness ratios
changed from 31.2 to 41.6, the axial resistances were reduced in the range of 4% to 10%.
This phenomenon was noted in the eccentric loaded column cases as well. For instance,
when the slenderness ratios were increased from 31.2 to 41.6, the axial resistances of the
eccentric loaded columns were reduced by 9%, to 16%. The increase in concrete strength in
the column tended to significantly increase the axial compression capacity of the columns.
The increase in concrete strength from 20 MPa to 40 MPa resulted in a notable increase in
axial capacities, ranging from 60% to 75%. This percentage of increase in the axial resistance
due to the increase in concrete strength was similar for eccentric loaded column cases. Also,
an increase in the bar diameters (or reinforcement ratio) caused a marginal increase (in the
range of 2% to 4%) in the axial capacities of the columns. The numerical predictions closely
aligned with the analytical interaction curves, which implies that the numerical modelling
procedure developed to analyse RC columns under concentric and eccentric conditions
is rational.

4.2.2. Corroded RC Columns

In order to understand the reduction in the capacities of corroded RC columns under
axial compression, the analysis was carried out on a set of 48 deteriorated RC column
under concentric and eccentric axial loading conditions with different variables (concrete
strengths, reinforcement detailing, and slenderness) and different corrosion scenarios,
namely, the corrosion in the compressive and tension regions as illustrated in Figure 13. It
should be noted that the stirrup corrosion was considered through reduced core concrete
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strength and a reduction in concrete section by cover loss. As the tensile strength of
concrete is theoretically considered as zero, the loss of section in tension did not affect
the capacity of the RC column critically. However, a significant effect was observed for
corroded column cases where the corrosion was prevalent in the compressive region. The
numerical predictions obtained in the parametric analyses of corroded columns in the
compressive region are illustrated in Figure 14, with the respective modified corroded
analytical interaction diagrams. From the results, it can be noted that the numerical
predictions are slightly over-predicting the capacities of corroded columns compared
to analytical derivations. This can be attributed to the fact that numerical predictions
consider the non-linearities in the system and the theoretical interaction diagrams are
derived based on conservative assumptions for stress blocks, neutral axis positions, and
zero concrete tensile strength. Moreover, only part of the bottom portion of the numerical
model is considered corroded, while the rest of the column is un-corroded; hence, the
numerical model considers the member behaviour of the column in addition to the sectional
behaviour, whereas analytical predictions are derived solely based on sectional analysis of
the corroded section.
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Figure 13. Corrosion scenarios considered in the numerical simulations: (a) cover lost and stirrup
corrosion in compression; (b) cover lost and stirrup corrosion in tension.

It can be understood from Figure 14 that the axial resistances of the corroded columns
reduce as the slenderness ratios increase for the cases analysed, despite changes in the
compressive strengths of concrete, reinforcement detailing considered. When, the slen-
derness ratios were changed from 31.2 to 41.6, the axial resistances were reduced in the
range of 5% to 10% as compared to corroded. This phenomenon was noted in the eccentric
loaded column cases as well. For instance, when the slenderness ratios were increased
from 31.2 to 41.6, the axial resistances of the eccentric loaded columns reduced by 10%
to 16%. The increase in concrete strength in the column tend to significantly increase
the axial compression capacity of the columns regardless of the column being subjected
to corrosion. Specifically, the increase in concrete strength from 20 MPa to 40 MPa has
generally resulted in a 60% to 90% increase in axial capacities. This percentage of increase in
the axial resistance due to increase in concrete strength was consistent for eccentric loaded
column cases as well. Also, an increase in the bar diameters (or reinforcement ratio) had
an insignificant effect with an increase in the range of 5% to 8% in the axial capacities of
the columns.
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Figure 14. Comparisons of theoretical interaction (N–M) diagrams with numerical simulations of
corroded columns of (a) 20 MPa concrete strength with 16 mm reinforcement bars, (b) 40 MPa concrete
strength with 16 mm reinforcement bars, (c) 20 MPa concrete strength with 20 mm reinforcement
bars, and (d) 40 MPa concrete strength with 20 mm reinforcement bars.

4.2.3. Comparisons of Un-Corroded and Corroded Columns

From the parametric analysis results, it is evident that the removal of cover concrete
and lateral restrainers (i.e., stirrups) has reduced the axial capacities of the columns in
the range of 5% to 20% under concentric loading. A similar pattern was observed for
the eccentric load cases as well. For an elaborate understanding, the failure patterns, as
well as the load-deflection responses of the parametrically analysed concentrically loaded
un-corroded column and the corresponding corroded RC column cases, are shown together
in Figure 15 for comparison. Figure 15a shows the failure pattern of 3 m high simulated RC
columns (un-corroded and corroded). It can be noted that the stress state of the un-corroded
column is quite uniform with strain concentrations equally distributed between the top
and bottom corners, whereas in the corroded column, high-stress concentrations are noted
around the region where the cover concrete and lateral ties were removed.

The axial load-deflection curves of both un-corroded and corroded RC columns are
depicted in Figure 15b,c. It can be observed that for the same parameters investigated,
the corroded RC columns show lower deformity than the corresponding un-corroded
columns, highlights that the deficiency in axial capacity created due to the corrosion induced
subsequently led to the lack of confinement to vertical bars, which may induce premature
buckling at lesser axial capacities. The simulations of corroded scenarios considered are
limited to cases (i.e., corrosion of stirrups about 300 mm from the bottom of the column).
However, different corrosion scenarios can be expected in real practices and their influences
should be examined to assess the structural behaviour of RC columns in future studies.



Buildings 2025, 15, 579 19 of 23
Buildings 2025, 15, x FOR PEER REVIEW 20 of 25 
 

 

Figure 15. Load deflection behaviour of the analysed RC columns: (a) failure patterns of un-cor-
roded and corroded columns; (b) load displacement relationship of un-corroded and corroded col-
umns of 3 m height; (c) load displacement relationship of un-corroded and corroded columns of 4 
m height. 

5. Summary and Conclusions 
A 3D finite element-based numerical approach was developed to determine the axial 

capacities of square RC columns. A method was established to assess the capacities of RC 
columns with the stirrup corrosion scenarios. The methodology developed to evaluate the 
axial capacities of square RC columns incorporated the material failure as well as the 
buckling phenomenon under concentric and eccentric compression loading. The stirrup 
corrosion phenomenon was incorporated by removing the stirrups from the vertical rein-
forcement bars and assigning unconfined compressive strength properties to the core con-
crete. The developed numerical procedure was validated with an experimental study re-
ported on the testing of un-corroded square RC columns under axial compression. Fairly 
good agreements were noted between the experimental and numerically predicted failure 
modes and axial capacities of validated RC columns. 

Parametric analyses were conducted by varying the slenderness, the unconfined 
compressive strength of concrete, main steel reinforcement sizes, and eccentric loading 
conditions. An analytical solution for moment–axial compression interaction curves was 

(a) 

(b) (c) 

Figure 15. Load deflection behaviour of the analysed RC columns: (a) failure patterns of un-corroded
and corroded columns; (b) load displacement relationship of un-corroded and corroded columns of
3 m height; (c) load displacement relationship of un-corroded and corroded columns of 4 m height.

5. Summary and Conclusions
A 3D finite element-based numerical approach was developed to determine the axial

capacities of square RC columns. A method was established to assess the capacities of RC
columns with the stirrup corrosion scenarios. The methodology developed to evaluate
the axial capacities of square RC columns incorporated the material failure as well as
the buckling phenomenon under concentric and eccentric compression loading. The
stirrup corrosion phenomenon was incorporated by removing the stirrups from the vertical
reinforcement bars and assigning unconfined compressive strength properties to the core
concrete. The developed numerical procedure was validated with an experimental study
reported on the testing of un-corroded square RC columns under axial compression. Fairly
good agreements were noted between the experimental and numerically predicted failure
modes and axial capacities of validated RC columns.

Parametric analyses were conducted by varying the slenderness, the unconfined
compressive strength of concrete, main steel reinforcement sizes, and eccentric loading
conditions. An analytical solution for moment–axial compression interaction curves was
derived (for un-corroded and corroded columns) and compared with the numerical predic-
tions. In general, the numerically analysed cases slightly over-predicted the analytically
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determined M–N values; however, a similar trend was obtained to that of analytical predic-
tions with different variables considered. The reason for the slight over-prediction could
be due to the consideration of nonlinear properties in the numerical analysis, while in the
analytical solution, the most conservative values were used. The parametric analyses of
corroded square columns showed that the corrosion at the bottom (i.e., about 300 mm)
of the columns (on either side) can reduce the axial and moment capacities in the range
of 5% to 20% with different variables considered, such as slenderness, the unconfined
compressive strength of concrete, and eccentric loading conditions.

The developed 3D numerical modelling method of RC columns has enabled to analyse
the concentric and eccentric axial performances, along with the conservative analytical
solutions. Also, the stirrup corrosion scenarios considered in this study are quite common
deterioration phenomenon in RC columns; hence, this procedure can be used to assess
the residual capacities of such columns to verify the risk of occupancy and the possible
mitigation/strengthening method needed to restore the column capacities. The cases in
the parametric studies considered were limited to certain variables, such as column cross-
section shapes, reinforcement arrangements, corroded lengths, and slenderness. Also, it
has to be mentioned that the analyses were carried out using an over-simplified approach
of completely removing the stirrups when they were considered corroded. However, more
detailed localised modelling can be carried at corroded locations to further verify the local
behaviour of these corroded columns. In addition, more parametric analyses can be carried
out using the method developed to assess the different stirrup corrosion scenarios observed
in practice.
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List of Notations

The following abbreviations are used in this manuscript:

RC Reinforced concrete
FE Finite element
CDP Concrete damage plasticity
KNM Tangential stiffness matrix
VM Trivial displacement solution of buckling modes
λi Eigenvalue of an ith mode
Pcr Critical buckling load
Q Total axial load
σcr Euler’s critical buckling load
n Restraint factor
E Young’s modulus
I Moment of inertia
le Effective length of the column
fr,eff Effective lateral confining stresses
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ke Confinement effectiveness coefficient
Ae Area of effectively confined concrete core
ACC Area of core concrete
fr Lateral confining stress
Atr Total area of transverse bars running in the respective directions (x and y)
fy Yield strength of the transverse reinforcement
s Centre-to-centre spacing of stirrups
dC Core dimensions to centrelines of perimeter hoop
fcc′ Maximum concrete stress
εcc Strain corresponding to maximum concrete stress
fc Confined concrete stress
εc Longitudinal compressive concrete strain
Ec Tangent modulus of elasticity of concrete
h Width of the column
ϕ Diameter of the vertical bar
b Length of the column cross-section
As′ Cross-sectional area of compression reinforcement
As Cross-sectional area of tension reinforcement
εsc Compressive strain in reinforcement As′

εs Tensile or compressive strain in reinforcement As
x Neutral axis depth
d′ Depth of compression reinforcement
d Effective depth of tension reinforcement
Fcc Compressive force acting through the centroid of the stress block

Fsc Compressive force in the reinforcement area As′ and acting through its
centroid

Fs Tensile or compressive force in the reinforcement acting through its centroid
fck,uncon Characteristic unconfined concrete compressive strength
fck,confined Characteristic confined concrete compressive strength
Auncon′′ Area corresponding to unconfined concrete zone
Acon′′ Area corresponding to confined concrete zone
N Axial compressive force
M Moment
xp Plastic centroid depth
l0 Effective height of column
r Radius of gyration
λs Slenderness of the column

Appendix A

Table A1. Bar properties used.

Grade of Concrete

Unconfined Strength (MPa)
16 mm Bar 20 mm Bar

20 24.4 25
40 44.8 46

Appendix B

Table A2. Parametric results of RC columns under concentric compression.

Nomenclature Axial Capacity (kN) Lateral Deflection (mm) Nomenclature Axial Capacity (kN) Lateral Deflection (mm)

UC-C20-T16-3 1653 2.02 CC-C20-T16-3 1436 2.32
UC-C20-T16-4 1602 2.49 CC-C20-T16-4 1367 2.91
UC-C40-T16-3 2899 2.16 CC-C40-T16-3 2654 2.65
UC-C40-T16-4 2727 2.92 CC-C40-T16-4 2513 3.14
UC-C20-T20-3 1857 2.16 CC-C20-T20-3 1678 2.74
UC-C20-T20-4 1687 3.05 CC-C20-T20-4 1497 3.28
UC-C40-T20-3 2976 1.96 CC-C40-T20-3 2703 2.69
UC-C40-T20-4 2765 2.85 CC-C40-T20-4 2630 3.33
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Table A3. Parametric results of RC columns under eccentric compression (h/6).

Nomenclature Axial Capacity (kN) Lateral Deflection
(mm) Nomenclature Axial Capacity (kN) Lateral Deflection

(mm)

UC-C20-T16-3-h/6 1125 2.81 CC-C20-T16-3-h/6 965 3.03
UC-C20-T16-4-h/6 1014 3.35 CC-C20-T16-4-h/6 876 3.69
UC-C40-T16-3-h/6 2278 2.72 CC-C40-T16-3-h/6 2019 3.12
UC-C40-T16-4-h/6 2057 3.20 CC-C40-T16-4-h/6 1867 3.82
UC-C20-T20-3-h/6 1308 2.95 CC-C20-T20-3-h/6 1178 2.99
UC-C20-T20-4-h/6 1156 3.26 CC-C20-T20-4-h/6 987 3.81
UC-C40-T20-3-h/6 2376 2.55 CC-C40-T20-3-h/6 2132 3.16
UC-C40-T20-4-h/6 2107 3.02 CC-C40-T20-4-h/6 1976 4.05
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