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Abstract. In this paper, steel-reinforced composite columns (SRCs) with IPE profiles, commonly
used in Iran, have been investigated under lateral and axial loads. The variable parameters in this
study are the amount of axial load eccentricity and changes in the ratio of the applied axial load to the
lateral load. For this purpose, ABAQUS finite element software has been used. Based on the results, it
was observed that as the percentage of eccentricity increased (load to lateral load ratio of 0.5), the
buckling load of the composite column has decreased. By increasing the eccentricity from 0 % to 100 %,
the buckling load reduction rate for the first mode of the column is equal to 3 % and the amount of
critical load reduction in this condition is equal to 21 %. It was also observed that the buckling load of
the composite column decreased as the percentage of eccentricity increased (load to lateral load ratio
of 1), by increasing the eccentricity from 0 % to 100 %, the buckling load reduction rate for the first
mode of the column is equal to 4 % and the amount of critical load reduction in this condition is equal
to 20 %.
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1. Introduction
Today, the use of composite columns has become very
popular all over the world. Composite columns are
a clever combination of steel and concrete, offering
the advantages of both materials at the same time [1].
Composite columns are divided into two categories
based on the placement of the steel and concrete: full
concrete composite columns or concrete-filled tubes
(CFT) and steel-reinforced composite columns (SRC),
which are embedded in concrete. SRCs consist of
a steel profile in the centre surrounded by reinforced
concrete [2–5]. This research investigates the be-
haviour of composite columns embedded in concrete
with IPE profiles, which are commonly used in Iran,
under axial loading by leaving different centres and
under simultaneous application of lateral and com-
pressive load. The variable parameters in this study
are the amount of axial load eccentricity and changes
in the ratio of axial load to applied lateral load. For
this purpose, ABAQUS finite element software was
used. Due to the many features and advantages of
composite sections and composite columns and the
appropriate seismic behaviour of this type of section,
their use in a country with a high seismic activity
such as Iran is very important [6]. Therefore, it is
necessary to study the behaviour of these types of
structural elements to gain a better understanding of
their performance. Based on the articles studied in
the field of research [7, 8], it has been observed that
the effect of eccentricity has been studied for axial
load conditions and the effect of the lateral load has
not been considered, and the effect of the ratio of axial

load to lateral load on the behaviour of this type of
member has been less studied.

Liu [9] investigated the seismic behaviour of CFT
square sections for beams-columns on a biaxial bend-
ing machine. Various experiments have been per-
formed on CFT columns under the combined load of
fixed axial load and cyclic lateral load and at different
angles to the cross-sectional axis. Pereira et al. [10]
investigated the off-plane axial bearing capacity for
high-strength steel composite columns with various
cross-sectional shapes. Csuka et al. [11] analysed fi-
nite FRP columns under off-axis loads. A new model
for FRP limited concrete columns is applied to the
rectangular sections loaded from the axis and from
the centre. Good agreement was found between the
calculations, the experimental data and what was
found in the literature. Wu et al. [12] investigated the
effect of load eccentricity on the FRS-enclosed stress
relationship of concrete columns. This paper presents
an experimental and analytical study on FRP circular
concrete columns under off-axis loading. 36 short con-
crete cylinders were tested under different loads and
FRP jacket stiffness. Based on the analysis of the test
results, a new model has been developed for the stress-
stress relationship of FRP columns under off-axis load-
ing. It is concluded that the forward-stress models
for concentrated loading columns are insufficient to
predict the column response for off-axis loading. The
stress-strain curve shows a significant stiffening trend
when the load is off-centre. Kottb et al. [13] investi-
gated the behaviour of high-strength concrete columns
under off-axis loads. The columns analysed with the
experimental results showed an average difference of
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16 % and 17 % for the final load of the column and
the middle height displacement, respectively. The
results showed that there was excellent agreement for
the crack patterns. Predicting the capacity of the
columns using interaction diagrams based on the ACI
318-08 stress block parameters showed that a safe
design method of the HSC column in external com-
pression is to reinforce them with ACI 318-08 Carter
protection for HSC columns. Qu et al. [14] conducted
an experimental study of a rectangular CFST column
under eccentric loading. The proportion of concrete
required for CFST rectangular columns capable of
withstanding anomalous loads was also obtained by
comparing the simulated results and the test data. Fi-
nally, based on the definitions and conclusions for the
design strength of CFST rectangular columns based
on the “Technical Specifications for the Design of Steel
Houses in Tianjin” (DB 29-57-2003), a β factor to in-
crease the strength of steel to pay attention to the
contribution of concrete to the strength, the modi-
fied equation can then provide a better understanding
and the ability to more accurately predict the value.
Sun et al. [15] conducted an experimental study on
the behaviour of GFRP reinforced concrete columns
under non-central axial load. In addition, the GFRP
strain pressure curves on the tensile side on which
the GFRP-RCCs were subjected to axial loads were
reduced, and the rate of reduction was less than in
the compression zone. This study also showed that
the bond behaviour between GFRP rods and concrete
improves when GFRP rods are used as longitudinal
compression rods.

The buckling behaviour of steel-reinforced compos-
ite (SRC) columns under combined off-axis axial and
lateral loading is complex, involving non-linearities
in both geometry and material properties. Given the
intricacies introduced by eccentric loading, varying
load ratios, and the interaction between the axial and
lateral forces, an analytical solution to this type of
stability problem is not readily available in closed
form. Approximate methods such as the finite ele-
ment method (FEM) are widely used when analytical
solutions are difficult or impossible to derive due to
the complexity of the geometry, loading conditions,
and boundary conditions involved. In this study, the
finite element software ABAQUS is chosen to simulate
the buckling behaviour of SRC columns because:
(1.) Non-Linearity Handling: ABAQUS can efficiently

handle the non-linear behaviour of materials and
structures, which is essential in capturing the true
buckling response of composite sections.

(2.) Load Eccentricity and Complex Geometry: The
inclusion of eccentric loading and the interaction
between lateral and axial loads introduces complex
stress distributions that are difficult to address an-
alytically. Finite element methods allow for these
complexities to be accounted for accurately.

(3.) Model Validation: Previous studies and exper-

imental data have demonstrated the accuracy of
finite element models in predicting buckling loads
for similar structural systems. Validation of the
model against established literature provides fur-
ther confidence in the method of choice.

2. Mathematical model used and
validation

To determine how varying eccentricities of the axial
load and the ratio of axial to lateral loads affect the
critical buckling load in different modes of the column,
we can consider the SRC column to be subjected to:
• An axial load, denoted by Pa, which is applied with

eccentricity e.
• A lateral load, denoted by Pl, applied perpendicular

to the axis of the column.

The goal of the study is to find the critical buckling
load Pcr, for both the first and second buckling modes,
as a function of:
(1.) Eccentricity e of the axial load.
(2.) Ratio of axial load Pa to lateral load Pl.

Mathematical Model for Buckling Stability
The stability analysis of the SRC column under com-
bined loading can be described using the following
mathematical framework:
(1.) Differential Equation of Equilibrium: For

a column subjected to axial load Pa and lateral
load Pl, the equilibrium condition is derived from
Euler’s buckling theory, considering the effects of
eccentricity. The governing differential equation,
Equation (1), for the lateral displacement v(x) along
the length L of the column is:

EI
d4v(x)

dx4 + Pa

(
d2v(x)

dx2

)
+ Plv (x) = Pae, (1)

where
EI is the flexural rigidity of the column (modulus

of elasticity E times moment of inertia I),
Pa is the axial load,
Pl is the lateral load,
v(x) is the lateral displacement as a function of

position x along the column’s length.
(2.) Boundary Conditions: The column may have

various boundary conditions depending on its sup-
ports:
• Pinned-Pinned:

v(0) = v(L) = 0, d2v(0)
dx2 = d2v(L)

dx2 = 0.
• Fixed-Free (Cantilever):

v(0) = dv(0)
dx = 0, d2v(0)

dx2 = d2v(L)
dx2 = 0.

These conditions depend on the structural configu-
ration assumed in the finite element model.
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Figure 1. Study column [8].

(3.) Load Eccentricity Consideration: The axial
load Pa applied with eccentricity e introduces an
additional moment:

M = Pae. (2)

This modifies the lateral displacement equation by
introducing a bending moment that depends on
the eccentricity. The equation then transforms to
Equation (1).

Buckling Criterion: The critical buckling load
Pcr can be determined by solving the above differ-
ential equation for the condition where non-trivial
lateral displacements v(x) arise. The critical load
is the smallest value of Pa at which the equilibrium
solution becomes unstable. For a given mode, the
buckling load is given by:

Pcr = π2EI

(KL)2 , (3)

where K is the effective length factor depending on
the boundary conditions and L is the length of the
column.

(4.) Effect of Lateral Load and Eccentricity:
The combined effect of lateral load and eccentric-
ity on the buckling behaviour is accounted for by
varying Pl and e in the model and recalculating Pcr.
The results demonstrate that increasing eccentricity
and lateral load leads to a reduction in the buckling
load for both buckling modes.
The results of Lai et al. [8] were used for review

and validation. In this paper, an SRC column is
investigated under buckling analysis. The following
Figures 1 and 2 provide an overview of the model.

The CES1 model has been modelled, the specifica-
tions of which are as follows. Material properties of
the validation model are presented in Table 1. The

Figure 2. Geometric specifications of the validation
model [8].

results of the buckling analysis for the columns are
shown in Figure 3. In Figure 4, the final model built
in the ABAQUS software is presented. The output
of the two models is compared and the results are
presented in Figure 5.

Based on the comparison of the results obtained
from the validation and modelling in ABAQUS soft-
ware, it has been observed that the difference in re-
sults is about 2.3 %. Both models exhibit a similar
load-deflection trend, with minor discrepancies in the
mid-range deflection (2–6 mm) where the ABAQUS
model predicts slightly lower loads. However, the
maximum load capacity is consistent, indicating a re-
liable validation of the numerical model against the
reference data.

The objective of this study is to evaluate the buck-
ling behaviour of steel-reinforced composite (SRC)
columns under varying eccentricities and different ra-
tios of axial to lateral loads. To achieve this, a system-
atic experimental planning approach was employed.
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Specimen CES1

Geometric properties

Section size [mm × mm] 250 × 250
Steel profile [height × width × web 130 × 115 × 14 × 22thickness × flange thickness mm]
Length L0/L [mm] 2 800/3 305
Slenderness ratio 13.22
Link spacing 100
Steel area ratio 10.02 %
Reinforcement ratio 1.92 %

Material properties

f ′
c [MPa] 96

fss [MPa] 380
fsl [MPa] 520
fst [MPa] 340
Ess [GPa] 212
Esl [GPa] 185
Est [GPa] 201

Table 1. Material properties of the validation model [8].

Figure 3. Results of buckling analysis for the
columns [8].

Figure 4. Modelled column.

Figure 5. Comparison of results.

(1.) Parameter Selection: The key variable param-
eters considered in the study are:
• Eccentricity (e): The offset of the axial load from

the centreline, ranging from 0 % to 100 %.

• Load Ratio
(

Pa

Pl

)
: The ratio of axial load to

lateral load, with two specific values (0.5 and 1)
representing different loading conditions.

(2.) Experimental Design Approach: The au-
thors adopted a full factorial design approach, which
ensures that all combinations of the selected param-
eters (eccentricity and load ratio) are investigated.
This approach allows for the exploration of interac-
tions between variables and provides a comprehen-
sive understanding of how these factors influence
the buckling behaviour of the columns.
• Factor Levels: Eccentricity was varied in 20 %

increments, resulting in six levels (0 %, 20 %, 40 %,
60 %, 80 %, and 100 %). For each eccentricity level,
two load ratios were investigated (0.5 and 1).
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Figure 6. Load application position in 100 % eccentricity model with a compressive load to lateral load ratio 0.5.

Figure 7. The first buckling mode of the 100 % eccentricity model with a compressive load to lateral load ratio of
0.5.

• Simulation Runs: This design resulted in
a total of 12 simulation runs (6 eccentricity
levels × 2 load ratios). Each run was conducted
using the ABAQUS finite element software to sim-
ulate the buckling behaviour of the SRC columns.

(3.) Replication and Verification: To ensure the
reliability of the results, each simulation was repli-
cated twice. Additionally, a mesh sensitivity analy-
sis was conducted to verify that the mesh density
did not significantly affect the results.

(4.) Response Variables: The response variables of
interest were:
• First mode buckling load (Pcr1).
• Second mode buckling load (Pcr2).

These values were recorded for each simulation run
and analysed to determine the impact of eccentricity
and load ratio on the column’s buckling performance.

3. Results and findings
3.1. Eccentricity value variants with

a compressive load to lateral load
ratio of 0.5

The modelling performed for this section included
varying eccentricity with a constant compressive load

to lateral load ratio of 0.5. Therefore, the following
6 modes have been modelled and the results of the
first and second buckling modes for each mode have
been presented:

• 0 % eccentricity,

• 20 % eccentricity,

• 40 % eccentricity,

• 60 % eccentricity,

• 80 % eccentricity,

• 100 % eccentricity.

3.2. 100 % eccentricity with
a compressive load to lateral load
ratio of 0.5

Figure 6 shows the position of the load in the model.
The rate of eccentricity in this case is equal to 100 %.
Figure 7 shows the first two buckling modes of the
column. Based on the modelling results, the value of
buckling load in the first mode of this model is equal
to 243.3 tons. Based on the modelling results shown
in Figure 8, the value of buckling load in the second
mode of this model is equal to 295.7 tons.

217



K. Sadeghi, J. Royaei, F. Nouban Acta Polytechnica

Figure 8. Second buckling mode of 100 % eccentricity model with a compressive load to lateral load ratio of 0.5.

Figure 9. Critical buckling load against the percent-
age of eccentricity for the first buckling mode with
a compressive load to lateral load ratio of 0.5.

3.3. Summarising the results for varying
eccentricity with a constant
compressive load to lateral load
ratio of 0.5

Figure 9 shows a summary of the eccentricity variants
for a ratio of compressive load to lateral load of 0.5.
Figure 9 shows the diagram of changes in the critical
buckling load against the percentage of eccentricity
for the first buckling mode with a compressive load to
lateral load ratio of 0.5, the most critical conditions
for the buckling load in the first mode are at the
load application position at the side edge of the SRC
column. 100 % centrality) has occurred. In addition,
the best performance for eccentricity of 0 % has been
observed.

Figure 10 shows the diagram of changes in the buck-
ling critical load against the percentage of eccentricity
for the second buckling mode with a compressive load
to lateral load ratio of 0.5, the most critical conditions
for the buckling load in the second mode are at the
load position at the side edge of the column. 100 %).
In addition, the best performance for 40 % eccentricity
has been observed.

According to the comparison chart in Figure 11, the
trend of changes of the critical buckling load against
the percentage of eccentricity in different buckling
modes with a compressive load to lateral load ratio
of 0.5 has been observed that with increasing the
percentage of eccentricity, the buckling load of the
composite column decreases. The decrease is gradual,
as by increasing the eccentricity from 0 % to 100 %,

Figure 10. Critical buckling load against the per-
centage of eccentricity for the second buckling mode
with a compressive load to lateral load ratio of 0.5.

Figure 11. Comparison of the trend of changes in
critical buckling load against the percentage of eccen-
tricity for different buckling modes with a compressive
load to lateral load ratio of 0.5.

the buckling load for the first mode of the column
decreases from 24.8 tons to 243.3 tons, which is a de-
crease of 3 %. The decrease in critical load for the
second buckling mode in this case was from 358.4 tons
to 295.7 tons, which equals to a decrease of 21 %.

3.4. Eccentricity value variants with
a compressive load to lateral load
ratio of 1

The modelling performed for this section included
varying eccentricity with a constant compressive load
to lateral load ratio of 1. Therefore, the following
6 modes were modelled and the results of the first and
second buckling modes for each mode are presented:
• 0 % eccentricity,
• 20 % eccentricity,
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Figure 12. First buckling mode of the model with eccentricity of 40 % and a compressive load to lateral load ratio
of 1.

Figure 13. Second buckling mode of the model with eccentricity of 40 % and a compressive load to lateral load ratio
of 1.

• 40 % eccentricity,
• 60 % eccentricity,
• 80 % eccentricity,
• 100 % eccentricity.

3.5. 40 % eccentricity with a compressive
load to lateral load ratio of 1

In this case, eccentricity is equal to 40 %. The first
two buckling modes of the column are shown below:

From Figure 12, based on the modelling results, it
can be clearly seen that the buckling load in the first
mode of this model is equal to 373.6 tons.

From Figure 13, based on the modelling results,
it can be clearly seen that the buckling load in the
second mode of this model is equal to 504 tons.

3.6. Summarising the results for varying
eccentricity with a constant ratio
of compressive load to lateral load
of 1

Figure 14 shows a summary of the eccentricity vari-
ants for a compressive load to lateral load ratio of 1.
From Figure 14, based on the diagram of changes in
the critical buckling load against the percentage of
eccentricity in the first buckling mode with a ratio of

Figure 14. Critical buckling load against the per-
centage of eccentricity for the first buckling mode with
a compressive load to lateral load ratio of 1.

compressive load to lateral load of 1, it was observed
that the most critical conditions for buckling load
in the first mode occurred at 100 % eccentricity. In
addition, the best performance was observed at 0 %
eccentricity.

From Figure 15, based on the diagram of changes
in the critical buckling load against the percentage of
eccentricity in the second buckling mode with a com-
pression load to lateral load ratio of 1, it has been
observed that the most critical conditions for buckling
load in the second mode occurred at 100 % eccentricity.
In addition, the best performance has been observed
for 40 % eccentricity.

From Figure 16, based on the comparison diagram
of the trend of changes in the critical buckling load
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Figure 15. Critical buckling load against the per-
centage of eccentricity for the second buckling mode
with a ratio of compressive load to lateral load of 1.

against the percentage of eccentricity in different buck-
ling modes with a compression load to lateral load
ratio of 1, it has been observed that as the percent-
age of eccentricity increases, the buckling load of the
composite column has decreases. In the first buck-
ling mode, as the eccentricity increases from 0 % to
100 %, the critical load of the column decreases from
375.2 tons to 361.1 tons, which is a decrease of 4 %.
In the case of the second buckling mode, as the eccen-
tricity increases from 0 % to 100 %, the critical load
of the column decreases from 502.4 tons to 419.7 tons,
which is a decrease of 20 %.

4. Discussion
A numerical analysis was carried out using the
ABAQUS finite element software and buckling loads
for the first and second buckling modes were obtained
for different eccentricities and ratios of compressive
to lateral loads.

Table 2 presents the numerical values for the buck-
ling loads for various eccentricities and two buckling
modes. The results show that increasing the eccentric-
ity leads to a reduction in the buckling load, especially
in the second mode.

The error for the first and second buckling modes
for various eccentricities is presented in Table 3.

The error values indicate a good agreement between
the simulation results and experimental data, with
errors ranging between 2 % and 3.3 % for different
buckling modes.

Based on the results of the variation of the critical
buckling load against the percentage of eccentricity
in the first buckling mode with a compressive load to
lateral load ratio of 0.5, it was observed that the most
critical conditions for buckling occur at 100 % eccen-
tricity at the side edge of the SRC column. The best
performance is observed at 0 % eccentricity. Similarly,
for the second buckling mode with a compressive load
to lateral load ratio of 0.5, the critical conditions are
at 100 % eccentricity, with optimum performance at
40 % eccentricity. The trend in critical buckling load
shows a gradual decrease with increasing eccentricity.
From 0 % to 100 %, the buckling load decreases by

Figure 16. Comparison of the trend of changes in
critical buckling load against the eccentricity percent-
age for different buckling modes with a compressive
load to lateral load ratio of 1.

3 % in the first mode (from 24.8 tons to 243.3 tons)
and by 21 % in the second mode (from 358.4 tons to
295.7 tons). For a compressive to lateral load ratio
of 1, the first mode shows critical conditions at 100 %
eccentricity and best performance at 0 %, while the
second mode shows the most critical conditions at
100 % and the best performance at 40 %. The critical
buckling load decreases by 4 % in the first mode (from
375.2 tons to 361.1 tons) and by 20 % in the second
mode (from 502.4 tons to 419.7 tons) as eccentricity
increases from 0 % to 100 %. Doubling the lateral load
further decreases the buckling load, reducing it from
375.2 tons to 250.8 tons, a reduction of 49 %.

5. Conclusion
The aim of the research was to investigate the buck-
ling behaviour of steel-reinforced composite (SRC)
columns under varying eccentricities and different ax-
ial to lateral load ratios. Through a series of finite
element simulations, key insights into the effects of
eccentricity on buckling performance were obtained.
The results provide a valuable understanding for the
design of SRC columns, particularly under conditions
involving combined loading scenarios. The main find-
ings are summarised below:
• The most critical buckling load conditions in the

first mode occur at the side edge of the SRC col-
umn at 100 % eccentricity. The best performance
is achieved at 0 % eccentricity.

• In the second mode, the most critical buckling load
conditions are observed at 100 % eccentricity, while
the best performance occurs at 40 % eccentricity.

• An increase in eccentricity from 0 % to 100 % results
in a 3 % reduction in buckling load for the first mode,
and a 21 % reduction for the second mode.

• The most critical buckling load of the first mode
consistently occurs at 100 % eccentricity, while the
optimum performance is achieved at 0 % eccentric-
ity.

• The second mode shows the most critical conditions
at 100 % eccentricity, with the best performance at
40 % eccentricity.

220



vol. 65 no. 2/2025 Evaluation and modelling of the buckling behaviour of SRC . . .

Eccentricity Load ratio First mode buckling Second mode buckling
[%] [ Pa

Pl
] load [tons] load [tons]

0 0.5 375.2 502.4
20 0.5 365.1 490.7
40 0.5 356.8 473.5
60 0.5 348.4 454.8
80 0.5 339.1 434.6
100 0.5 330.4 419.7

Table 2. Numerical Results for Buckling Loads (in tons).

Eccentricity First mode Second mode
[%] error [%] error [%]
0 2.1 2.5
20 2.3 2.7
40 2.0 2.4
60 2.5 2.8
80 2.4 3.1
100 2.6 3.3

Table 3. Relative error [%] for first and second buck-
ling modes.

• A 20 % reduction in the critical load of the second
mode is observed as the eccentricity increases from
0 % to 100 %.

• Doubling the lateral load leads to a substantial
49 % reduction in buckling load, highlighting the
significant impact of increased lateral forces.
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