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Abstract 

In this paper, we present an investigation of the performance of reinforced concrete (RC) columns under combined 
bending loads and various axial forces using a finite element method (FEM) model developed with the ABAQUS finite 
element program, verified with actual experimental values. In the experimental study, we applied combined bend-
ing loads and various axial forces to four RC members. Two RC members were subjected to vertical cyclic loads using 
displacement control with 0% axial force, while the other two were tested with vertical cyclic loads, one with 10% 
axial force, and the other with 20% axial force. The axial force load was applied using a specially designed setup. The 
experimental results of the RC members include observations of final failure mode, ductility, and axial load–bend-
ing moment interaction curves (P–M correlation curves). The experimental study confirmed that as the axial force 
increased, cracks in the RC columns concentrated at the center of the column. The yield strength increased by 55% 
when the axial force ratio was 10%, and 106% when the axial force ratio was 20%. The maximum strength increased 
by 28% with a 10% axial force ratio, and 50% with a 20% axial force ratio. However, ductility tended to decrease 
as the axial force increased, reducing by 26% with a 10% axial force ratio and 60% with a 20% axial force ratio. The 
analytical study produced results consistent with the experimental research, showing similar numerical trends. 
Finally, when comparing theoretical values, experimental results, and analytical results using P–M correlation curves, 
we found that the experimental value has a safety rate of 18% compared to the theoretical value. The experimen-
tal and theoretical result values were similar. Therefore, it has been demonstrated experimentally and analytically 
that the current design has a safety value of about 18% for the performance of the actual structure.
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1  Introduction
RC columns are compression members designed to sup-
port compressive loads and transmit axial loads from 
top to bottom. They possess the material advantage of 
resisting both axial and lateral loads, such as fixed loads, 
transmitted from the top. However, in actual structures, 
RC columns rarely experience solely central compres-
sion forces. Due to the continuity of members, almost all 
elements like columns and arches, which primarily carry 
compressive forces, must also resist bending moments. 
Construction errors can lead to eccentricities, generating 
bending moments after construction, even if they were 
initially designed for purely axial forces.
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Considering these various scenarios, structural 
members should be designed to withstand both com-
pressive forces and bending moments simultaneously. 
Historically, many experimental studies have mainly 
focused on unidirectional loads of columns under con-
stant axial load conditions. However, it is essential to 
consider seismic effects that include two horizontal 
component loads, which generally cause more dam-
age than unidirectional action. Interest in the inelastic 
responses of axial load members with a history of biax-
ial bending moments has emerged relatively recently, 
and such conditions have become the subject of some 
experimental studies over the past few years (Akguzel 
& Pampanin, 2010; Bechtoula et  al. 2005; Kim & Lee, 
2000; Li et al. 2008; Monti & Nuti, 1992; Qui et al. 2002; 
Rodrigues et al. 2010, 2012a, 2012b, 2013; Saatcioglu & 
Ozcebe, 1989).

Recently, studies focusing on the behavior of RC col-
umns under specific conditions or environmental set-
tings are also actively pursued (Mohammadmahdi et al. 
2021; Ghasem et al. 2020, 2021; Ghasem & Majid, 2019; 
Gautham et al. 2022; Shao et al. 2021; Alaa et al. 2022).

Additionally, research is currently underway to con-
duct experiments to evaluate the performance of 
structures and analyze the results based on the Finite 
Element Method (FEM). These studies aim to enhance 
and optimize various aspects of structural behavior, 
such as strength, durability, and load-carrying capacity. 
The experimental outcomes provide valuable insights 
into the real-world behavior of structures under differ-
ent loading and environmental conditions. By utiliz-
ing FEM analysis, researchers can make more accurate 
predictions and improve the design of structures. Such 
research plays a crucial role in not only enhancing the 
safety and sustainability of structures but also driving 
innovative advancements in the field of architecture 
(Ali & Umer, 2021; Mohamed & Ali, 2021; Thamer et al. 
2021).

Therefore, this study developed a finite element method 
(FEM) model using the ABAQUS finite element program 
to investigate the performance capabilities of RC columns 
under combined bending load and varying axial forces. 
The numerical results were validated against the experi-
mental test results. As the assessment of RC columns’ 
performance has typically focused on columns with a 
low-to-medium axial load ratio of less than 0.3 (Zulki-
fli et al. 2020; Kaish et al. 2018; Carlo et al. 2017; Yasser 
et  al. 2022), the validated FEM models were employed 
to study the behavior of RC columns under higher axial 
forces. Lastly, the P–M correlation curve was discussed 
to predict the bending moment under combined bending 
load and different axial forces. Fig 1 shows the flowchart 
of this study.

2 � Experimental study
2.1 � RC column
For the experiment, four RC columns were fabricated. 
As shown in Fig. 2, the geometric dimensions and loca-
tions of the strain gauges were identical for all RC spec-
imens. The height of each RC column is 2400 mm, and 
the cross-section is 300 × 300 mm2. The thickness of the 
concrete cover was 40 mm in all cases. The RC columns 
were reinforced with four longitudinal rebar with a 
diameter of 19 mm and eleven transverse stirrups with 
a diameter of 10 mm. The spacing of the transverse stir-
rups was 100 mm. Design of the RC columns is listed in 
Table 1.

Two strain gauges were attached to the longitudinal 
rebars of all RC specimens. Yielding of the longitudi-
nal rebar is expected to occur at the center of the lower 
longitudinal rebar because the bending load direc-
tion is from the top to the bottom (as shown in Fig. 2). 

Fig.1  Flowchart
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Therefore, the strain gauges were attached to the center 
of the two longitudinal rebars, which were placed near 
the bottom side of the specimen. The strain gauge 
placed near the front view is referred to as SG-F(Front) 
and the other strain gauge is termed SG-B(Back). Fig 3 
shows the specimen fabrication process.

2.2 � Material properties
All RC columns were fabricated using the same ready-
mixed concrete. The design strength of the concrete 
was 24 MPa. As shown in Fig. 4, three cylindrical con-
crete specimens (size: 100 × 200  mm) were fabricated 
with the same ready-mixed concrete which was mixed 
for the RC specimen. For the concrete compressive test, 
a 300 kN universal testing machine (UTM) was used. 
To measure the linear strain in the direction of the 
pressing force of concrete according to the compres-
sive force, two linear variable displacement transducers 
(LVDT) were installed on the left and right sides of the 
cylindrical specimen to measure the displacement. The 

compressive strength of the concrete was calculated 
as the average strength of three cylindrical concrete 
specimens. Three cylindrical concrete specimens were 
tested after 28 days of curing in water. As a result of the 
compressive test, the measured average was found to be 
23.9 MPa.

For reinforcement, deformed steel bars with the yield 
strength of 300  MPa are used for both measured lon-
gitudinal rebars and stirrups. To test the tension of the 
rebar, a 2000 kN universal testing machine (UTM) was 
used. The tension strength of the longitudinal rebars 
was also calculated as the average strength of three 
rebar tension specimens, as shown in Fig. 5. To meas-
ure the strain of the rebar tension specimens, a strain 
gauge was attached to the center of the rebar tension 
specimen. These results showed an average value of 
347.3 MPa. The results from the concrete compressive 
strength test and the tension strength test of the rebar 
are provided in Fig. 6 and Table 2.

Fig. 2  Details of RC specimens and Loading direction

Table 1  Design of the RC Columns

Dimension [mm] Length [mm] Concrete cover [mm] Concrete [MPa] Longitudinal rebar [mm] Transverse stirrup [mm] Rebar ratio [%]

300 × 300 2400 40 24 19 10 1.53
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2.3 � Test setup
The process of the RC column test is shown in Fig. 7. The 
first step was to put the RC column on the support hinge, 
as shown in Fig. 8. Then, the axial forcing device was put 

on the RC column. The axial forcing device contains two 
steel beams, a 1000 kN capacity hydraulic jack, a hinge, 
twelve round steel bars with a diameter of 22 mm, four 
steel plates, and several tools, in this case bolts. As shown 
in Fig.  9, the axial force was transferred to the RC col-
umn via a hydraulic jack with a capacity of 1000 kN. Two 
steel beams placed at both ends of the RC column and 
the hydraulic jack are connected to the twelve round steel 
bars. The steel beams and the round bars were connected 
and fixed using steel plates and bolts. In this setup, one 
side of the RC column is connected to the hydraulic jack 
attached to a steel beam and the other side of the RC col-
umn is connected to a hinge that is attached to a steel 
beam. Therefore, when the hydraulic jack pushes toward 
the RC column, the steel beam (attached to the hydrau-
lic jack) pushes in the opposite direction due to the law 
of action and reaction. Because the steel beams are con-
nected to each other via the round steel bars, the axial 
force was applied to the column by self-anchoring. The 

Fig. 3  Formwork of RC specimens: a steel rebar, b formwork, c casting, and d curing

Fig. 4  Test setting for the concrete compressive test
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stress generated by the axial force was uniformly distrib-
uted to the round steel bars. The axial force was applied 
to the specimen as calculated in Table 3. For RC-A10, the 
magnitude of the axial load was approximately 215.3 kN 
and for RC-A20 it was about 430.6 kN.

For the bending load, vertical cyclic loading was 
applied to the column using 500kN actuator, as shown 
in Figs.  8 and 9. The length of the pure bending zone 

Fig. 5  Tension strength test setting for the longitudinal rebar

Fig. 6  Stress–strain relationship for the materials used here: a 
concrete, b longitudinal rebar

Table 2  Mechanical Properties of the Materials Used

Material Yield Strength 
[MPa]

Yield Strain Elastic 
Modulus 
(MPa)

Concrete 23.9 0.002 10,873

Longitudinal rebar 347.3 0.002 150,978

Fig. 7  Process of the RC column test
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was 400  mm, and the distance from the support 
hinge to the loading frame was 850  mm. The dis-
tance between the two support hinges was 2100  mm. 

As shown in Fig.  10, the vertical cyclic loading on the 
specimens was divided into two steps in displacement 
control. Before the yielding of longitudinal steel bars, 
with a rate of 5 mm per minute applied at each incre-
ment up to 10  mm. When the longitudinal steel bars 
yielded (10 mm), loading started to be performed with 
the displacement increment at each cycle equal to the 
displacement of the loading point (10 mm) at this time. 
The displacement increases to 80 mm.

Fig  11 shows the layout of the instrumentation used 
in the RC column test. The strain forces acting on the 
longitudinal rebars were measured with strain gauges 
attached along each longitudinal rebar inside the RC 
columns. The degree of deformation of the LVDT was 
measured to determine the horizontal displacement at 
the bending load point of the beam using a data-logger. 
The reaction force was measured using a load sensor 
positioned inside a 500-kN actuator through a 500-kN 
actuator controller and a data-logger.

3 � Experimental test results and discussion
3.1 � Final failure mode
The final failure mode and crack distribution of the RC 
beams are depicted in Fig. 12. All RC columns exhibited 

Fig. 8  Bending load diagram

Fig. 9  Test setting for the RC column: a top view, b side view, and c 
overall view

Table 3  Names and Parameters of RC Columns

a/100 × Ag × fck

RC 
Specimen

Axial force 
percentage, 
(a) [%]

Width × height, 
(Ag) [mm]

Concrete 
strength, 
(fck) [MPa]

Axial force 
1) [kN]

RC-A00-1 0 300 × 300 23.9 0

RC-A00-2 0 0

RC-A10 10 215.3

RC-A20 20 430.6

Fig. 10  Loading protocol for the bending load



Page 7 of 17Kim et al. Int J Concr Struct Mater            (2024) 18:8 	

the flexural failure mode. In the absence of applied axial 
force (RC-A00-1 and RC-A00-2), flexural cracks were 
observed at the bottom of the mid-span, accompanied 
by concrete cover spalling due to the compressive force 
between the bending loading points (pure bending zone). 
As the axial force was increased, the concentration of 
flexural cracks became more prominent in the pure 
bending zone. Notably, for the RC-A20 specimen, con-
crete crushing occurred in the flexural compression area 
at the pure bending zone, indicating the influence of axial 
force on the structural response.

3.2 � Load–displacement relationship and characteristic 
points of envelope curves

In this study, the plastic deformation capacity of each col-
umn is measured according to the ductility ratio. With 
regard to the ductility, three characteristic points (i.e., 
yield point, peak point, and ultimate point) of each speci-
men are defined, as shown in Fig. 13. The yield point was 
calculated as the value of the strain gauge attached to the 

longitudinal rebar reached 0.002 (based on the results in 
Table 2 and Fig. 14). The peak point was defined as the 
point at which the specimen reached its maximum load, 
while the ultimate point was identified as the point at 
which the specimen lost 20% of its maximum load. Py, 
Pp, and Pu represent the load at yield, at the peak, and at 
the ultimate point, respectively. Accordingly, �y , �p , and 

Fig. 11  Layout of the instrumentation used in the RC column test: a 
experiment equipment, b experimental setting

(a) RC-A00-1 (80mm)

(a) RC-A10 (70mm)

(b) RC-A20 (40mm)
Fig. 12  Final failure mode of the RC column
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�u represent the displacement at yield, peak, and ulti-
mate point, respectively. Ductility was calculated as using 
Eq.  (1). Characteristic points during the experimental 
test for each specimen are indicated in Fig.  15, and the 
corresponding values are listed in Table 4.

3.3 � Load–displacement relationship and characteristic 
points of the envelope curves

Fig 15 shows the load–displacement (P-� ) hysteresis and 
envelope curve for each specimen. RC-A00-1 reached 
a yield load of 108 kN at a corresponding displacement 
of 8.9  mm. After the yield point, RC-A00-1 reached a 
peak load of 159kN at a corresponding displacement of 
34.6  mm. Therefore, the ultimate load is 127 kN at the 
corresponding displacement of 39.3 mm.

(1)µ = �u/�y

Fig. 13  Definition of the characteristic point (yield point, peak point, 
and ultimate point)

(a) RC-A00-1 (b) RC-A00-2

(c) RC-A10 (d) RC-A20
Fig. 14  Strain–displacement relationship of the longitudinal rebar
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RC-A00-2 reached a yield load of 111 kN at a corre-
sponding displacement of 9.9 mm. After the yield point, 
RC-A00-2 reached a peak load of 160 kN at a correspond-
ing displacement of 29.6 mm. Hence, the ultimate load is 
128 kN at the corresponding displacement of 39.5 mm.

RC-A10 reached a yield load of 170 kN at a corre-
sponding displacement of 11.2  mm. After the yield 

point, RC-A10-1 reached a peak load of 204 kN at a 
corresponding displacement of 24.7  mm. Hence, the 
ultimate load is 163 kN at the corresponding displace-
ment of 30 mm.

RC-A20 reached a yield load of 226 kN at a corre-
sponding displacement of 14.9 mm. After the yield point, 
RC-A20 reached a peak load of 239 kN at a corresponding 

(a) RC-A00-1 (b) RC-A00-2

(c) RC-A10 (d) RC-A20
Fig. 15  Load–displacement relationship of RC columns

Table 4  Characteristic Values of the Envelope Curves

Specimen Yield point Peak point Ultimate point Ductility

Py [kN] �y [mm] Pp [kN] �p [mm] Pu [kN] �u [mm] µ

RC-A00-1 108 8.9 159 34.6 127 39.3 4.4

RC-A00-2 111 9.9 160 29.6 128 39.5 4

RC-A10 170 11.2 204 24.7 163 30 2.7

RC-A20 226 14.9 239 18.9 191 25.3 1.7
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displacement of 18.9 mm. Thus, the ultimate load is 191 
kN at the corresponding displacement of 25.3 mm.

The load, displacement, and ductility were evaluated 
in this study. As shown in Fig. 16a, under the constraint 
of axial force, the load values of all characteristic points 
tended to increase as the axial force increased. The yield 
strength increased by 55% when the axial force ratio was 

10% and by 106% when the axial force ratio was 20%. 
Similarly, the maximum strength increased by 28% with 
a 10% axial force ratio and by 50% with a 20% axial force 
ratio.

Fig 16b illustrates that as the axial force increased, the 
displacement of the peak point and the ultimate point 
tended to decrease, while the displacement of the yield 
point tended to increase. Due to these trends, the duc-
tility decreased as the axial force increased, reducing by 
26% with a 10% axial force ratio and by 60% with a 20% 
axial force ratio, as shown in Fig. 16c.

3.4 � P–M correlation curves
Fig 17 shows the theoretical P–M correlation curve of 
the RC column and the calibrated (with the experiment 
test result) P–M correlation curve. The experiment test 
results are shown for RC-A00, RC-A10, and RC-A20. 
RC-A00 is the average value of RC-A00-1 and RC-A00-
2. The theoretical P–M correlation curve is based on the 
design code (ACI 318–19). The calibrated P–M correla-
tion curve was derived by multiplying the value of the 
moment of the theoretical P–M interaction curve by 1.18. 
As shown in Fig. 17, the experimental values match the 
calibrated P–M interaction curve. Therefore, regarding 
the relationship between the axial load and the bending 
moment, these outcomes means that the actual structure 
has a safety factor that exceeds the theoretical value by 
18%. Therefore, it has been demonstrated experimentally 
and analytically that the current design has a safety value 
of about 18% for the performance of the actual structure. 
Table  5 shows the results of a comparison between the 
theoretical P–M correlation curve and the experimental 
results.

(a) Load of each characteristic points

(b) Displacement of each characteristic point

(c) Ductility of RC specimen
Fig. 16  Comparison of the load, displacement, and ductility 
outcomes of RC columns Fig. 17  P–M correlation curve
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3.5 � Numerical study
Given that physical experiments cannot be performed 
in every case involving different levels of axial force, it is 
important to develop a FEM model capable of evaluating 
the performance capabilities of columns under combined 
bending load and different axial forces. The proposed 
FEM model for RC columns was verified through a com-
parison with results from earlier experimental studies, 
and the bending moment corresponding to the applied 
axial force was derived by applying a wider range of axial 
forces (0.05, 0.15, 0.3, 0.4, 0.5, 0.6) using the verified FEM 
model. The derived bending moments were compared 
with the both the theoretical and the calibrated P–M cor-
relation curve to analyze the degree of error. The finite 
element program ABAQUS 6.14 was used to determine 
the correlation between the numerical and experimental 
results of columns under combined bending load and dif-
ferent axial forces. Fig 18 presents the entire FEM model 
used in the numerical study. The FEM model of the col-
umn was designed identically to that in the experimental 
study. After imposing an axial load, the analysis was con-
ducted while gradually increasing the displacement.

3.6 � Material model
The concrete damaged plastics model (CDP model) as 
shown in Fig.  19 was used to model the solid elements 
of concrete so as to analyze the concrete destruction 
under compressed and compressed conditions. This 
concrete model was originally proposed by Lubliner 
et  al. (1989) and subsequently improved by Lee and 
Fenves (1998). Damage Plastic models are suitable for 
predicting damage-plastic configurations, taking into 

account compression softening, plastic expansion, stiff-
ness damage, and the tensile reinforcement proper-
ties in constrained pressure states. Truss elements are 
used to represent steel reinforcement and are placed at 
locations identical to those in the actual reinforcement 

Table 5  Comparison between the Theoretical the P–M Correlation Curves and Experimental Results

Specimen Axial Force (P) [%] Axial Force (P) [kN] Experimental Bending Moment 
(Mexp) [kN·m]

Theoretical Bending Moment 
(Mthe) [kN·m]

Ratio 
(Mexp/
Mthe)

RC-A00 0 0 46.75 39.98 1.17

RC-A10 10 215.28 72.25 60.81 1.19

RC-A20 20 430.56 96.05 81.65 1.18

Fig. 18  FEM model of a column

Fig. 19  Concrete damage plasticity model: a compressive behavior, 
b tension behavior



Page 12 of 17Kim et al. Int J Concr Struct Mater            (2024) 18:8 

configurations, as shown in Fig.  2. A perfectly plas-
tic model was used for the truss elements of the rebars 
considering the nonlinearity of the rebars, as shown in 
Fig.  20. The material properties of the FEM model are 
calibrated with the measured material strength values, as 
shown in Table 6.

3.7 � Numerical study results
Fig  21 and Table  7 show the results of the numerical 
study. As the axial force increases, both the load and dis-
placement of the yield points increase. When the axial 
force exceeds, the rebar of the RC column does not yield. 
In addition, as the axial force increases, the load at the 
peak point increases. The initial strain of the longitudinal 
rebar was found to be linearly proportional to the axial 
force.

Fig  22 and Table  8 show the results of a compari-
son between the outcome of the experimental study 
(RC-A00-1&2, RC-A10, RC-A20) and those of the 
numerical study (FEM-A00, FEM-A10, FEM-A20). The 
difference between the yield load of RC-A00-1 and that 
of FEM-A00 is -4 kN, and the difference in yield dis-
placements is 2.1 mm. The difference between the peak 
load of RC-A00-1 and that of FEM-A00 is 1.62 kN, and 
the difference in the peak displacement between these 
two specimens is 1.6  mm. The difference between the 
yield load of RC-A00-2 and FEM-A00 is -1 kN, and the 
yield displacement difference is 1.1  mm. The difference 
between the peak load of RC-A00-2 and that of FEM-A00 
is 2.62 kN, and the corresponding difference in the peak 
displacement is 3.4 mm. The difference between the yield 
load of RC-A10 and that of FEM-A10 is -18 kN, and the 
difference in the yield displacement is 2.8  mm. The dif-
ference between the peak loads of RC-A10 and FEM-A10 
is 16 kN, and the difference in their peak displacements 
is 10.7  mm. The difference between the yield load of 

Fig. 20  Constitutive model for the steel material

Table 6  Material Properties for the Numerical Study

Material Yield 
Strength 
[MPa]

Peak 
Strength 
[MPa]

Young’s 
Modulus

Poisson’s Ratio

Concrete – 24 10872.7 0.2

Steel 347 536 150978.3 0.3

Fig. 21  Load–displacement curve of the FEM models

Table 7  Results from the Numerical Study

Specimen Axial Force 
(P) [%]

Axial Force (P) [kN] Yield Point Peak point Initial stress of 
longitudinal rebar

Load (Py) [kN] Disp.(�y) 
[mm]

Load (Pp) [kN] Disp. ( �p ) 
[mm]

Value Ratio

FEM-A00 0 0 112 11 157.38 33 0

FEM-A05 5 107.64 159 13 159 13 8.44 1

FEM-A10 10 215.28 188 14 188 14 16.88 2

FEM-A15 15 322.92 212 14 212 14 25.32 3

FEM-A20 20 430.56 229 16 229 16 33.76 4

FEM-A30 30 645.84 – – 250 14 50.64 6

FEM-A40 40 861.12 – – 254 13 67.52 8

FEM-A50 50 1076.4 – – 240 10 84.49 10

FEM-A60 60 1291.68 – – 215 9 115.43 14
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RC-A20 and that of FEM-A20 is − 3 kN, with a difference 
in the yield displacement of − 1.1 mm in this case. Finally, 
the difference between the peak load of RC-A20 and that 
of FEM-A20 is 10 kN, and the difference in the peak dis-
placement is 2.9 mm. Fig 23 shows a comparison of the 
strain–displacement curves between the experimental 

study and the numerical study. The difference in this case 
is slight.

The overall trend suggests that the FEM model tends 
to predict higher bending moments in the RC columns 
compared to the theoretical predictions. The difference 
between the FEM curve and the calibrated curve is small, 
indicating that the FEM model can be adjusted to match 
the experimental results more closely.

3.8 � P–M correlation curves from the numerical study
Fig  24 and Table  9  shows the results of a comparison 
between the P–M correlation curve from the numeri-
cal study (FEM curve) and the P–M correlation curve 
from the experimental study (theoretical curve vs. the 
calibrated curve). When the axial load equals 0%, the 
difference between the bending moment of the theo-
retical curve and that of the FEM curve is –19.1%, and 
the difference between the bending moment of the cali-
brated curve and that of the FEM curve is -0.9%. When 
the axial load equals 5%, the difference between the 
bending moment of the theoretical curve and that of the 
FEM curve is –34.1%, and the difference between the 
bending moment of the calibrated curve and that of the 
FEM curve is –13.6%. At an axial load of 10%, the dif-
ference between the bending moment of the theoretical 
curve and that of the FEM curve is − 31.4%, and the dif-
ference between the bending moment of the calibrated 
curve and that of the FEM curve is −  11.3%. When the 
axial load equals 15%, the difference between the bend-
ing moment of the theoretical curve and that of the FEM 
curve is −  26.5%, and the difference between the bend-
ing moment of the calibrated curve and that of the FEM 
curve is −  7.2%. At an axial load of 20%, the difference 
between the bending moment of the theoretical curve 
and that of the FEM curve is − 19.2%, and the difference 
between the bending moment of the calibrated curve 
and that of the FEM curve is − 1.0%. When the axial load 
equals 30%, the difference between the bending moment 
of the theoretical curve and that of the FEM curve is 
− 14.0%, and the difference between the bending moment 
of the calibrated curve and that of the FEM curve is 3.4%. 
At an axial load of 40%, the difference between the bend-
ing moment of the theoretical curve and that of the FEM 
curve is −  17.5%, and the difference between the bend-
ing moment of the calibrated curve and that of the FEM 
curve is 0.4%. Additionally, when the axial load equals 
50%, the difference between the bending moment of the 
theoretical curve and that of the FEM curve is − 15.9%, 
and the difference between the bending moment of the 
calibrated curve and that of the FEM curve is 1.8%. In 
the 60% axial load case, the difference between the bend-
ing moment of the theoretical curve and that of the FEM 
curve is –13.5%, and the difference between the bending 

Fig. 22  Comparison of the load–displacement curves 
between the experimental study and the numerical study: a 
FEM-A00, b FEM-A10, and c FEM- A20
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Table 8  Comparison between the FEM Model and the Experimental Results: Yield Point and Peak Point

Specimen Yield point Peak point

Load (Py) [kN] Disp. ( �y) [mm] Load (Pp) [kN] Disp. ( �p ) [mm]

RC-A00-1 108 8.9 159 34.6

FEM-A00 112 11 157.38 33

Error − 4 − 2.1 1.62 1.6

RC-A00-2 111 9.9 160 29.6

FEM-A00 112 11 157.38 33

Error − 1 − 1.1 2.62 − 3.4

RC-A10 170 11.2 204 24.7

FEM-A10 188 14 188 14

Error − 18 − 2.8 16 10.7

RC-A20 226 14.9 239 18.9

FEM-A20 229 16 229 16

Error − 3 − 1.1 10 2.9

Fig. 23  Comparison of the strain–displacement curves between the experimental study and the numerical study: a FEM-A00-1, b FEM-A00-2, c 
FEM-A10, and d FEM- A20
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moment of the calibrated curve and that of the FEM 
curve is 3.8%. Overall, the bending moments of the FEM 
curves are higher than bending moments of the theoreti-
cal curves. The difference between the FEM curve and 
the calibrated curve is slight. The error between the cali-
brated curve and the FEM curve is negative up to an axial 
load of 20% and positive when the axial load exceeds 20%.

4 � Conclusion
This study focused on investigating the effect of increas-
ing axial force on RC columns subjected to both axial 
force and bending moment. Another objective was to 
assess the performance of reinforced concrete RC col-
umns under combined bending loads and various axial 
forces using a finite element method. Based on the exper-
imental results, the following conclusions were drawn:

The load-carrying capacity of RC columns increased 
with higher axial force ratios. Specifically, the yield 
strength and maximum strength showed significant 
improvements, increasing by 55% and 28%, respec-
tively, with a 10% axial force ratio, and by 106% and 50%, 
respectively, with a 20% axial force ratio.

As the axial force increased, the displacement at the 
peak point and the ultimate point decreased, while the 
displacement at the yield point increased. This behavior 
resulted in a reduction in ductility with higher axial force 
ratios, showing a decrease of 26% with a 10% axial force 
ratio and 60% with a 20% axial force ratio.

By comparing theoretical values, experimental results, 
and analytical results using P–M correlation curves, it 
was observed that the experimental values had a safety 
margin of approximately 18% compared to the theoretical 
values. The experimental and theoretical results showed 
close agreement. Thus, it was experimentally and ana-
lytically demonstrated that the current design provided 
a safety margin of about 18% for the performance of the 
actual structure.

FEM model generally overestimates the bending 
moments in RC columns compared to the theoreti-
cal predictions. However, the calibration process shows 
promising results, as the difference between the FEM 
curve and the calibrated curve is small, indicating that 
the FEM model can be adjusted to achieve a closer match 

Fig. 24  Comparison of the axial load-bending moment curves: a theoretical curve and FEM curve, and b calibrated curve and FEM curve

Table 9  Comparison between the FEM Model and Experimental 
Study: Bending Moment

Axial Force Bending moment

[%] [kN] Theoretical and 
calibrated value 
[kN·m]

FEM model 
[kN·m]

Error [%]

0 0 Theo 39.98 47.60 − 19.1

Cali 47.18 − 0.9

5 107.64 Theo 50.40 67.58 − 34.1

Cali 59.47 − 13.6

10 215.28 Theo 60.81 79.90 − 31.4

Cali 71.76 − 11.3

15 322.92 Theo 71.23 90.10 − 26.5

Cali 84.05 − 7.2

20 430.56 Theo 81.65 97.33 − 19.2

Cali 96.35 − 1.0

30 645.84 Theo 93.24 106.25 − 14.0

Cali 110.02 3.4

40 861.12 Theo 91.84 107.95 − 17.5

Cali 108.37 0.4

50 1076.4 Theo 88.02 102.00 − 15.9

Cali 103.86 1.8

60 1291.68 Theo 80.49 91.38 − 13.5

Cali 94.98 3.8
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with experimental results. Further refinement and cali-
bration of the FEM model could enhance its accuracy in 
predicting the behavior of RC columns under combined 
loading conditions.

The limitations of this study include a limited sample 
size, with only four RC members tested, as well as sim-
plified loading conditions, using static loading instead of 
dynamic events. Potential material variations were not fully 
accounted for, and certain assumptions were made in the 
FEM analysis. Additionally, the study employed simplified 
boundary conditions and faced challenges related to scale 
effects and material modeling. Despite these limitations, 
the research provides valuable insights into the behavior of 
RC members under combined loading conditions and lays 
the groundwork for further research and improvements in 
structural design.

Based on the limitations of this study, several plans 
for future research can be considered to overcome these 
limitations and advance further. These plans include: (1) 
Expanding the sample size to consider a wider range of 
situations, (2) Incorporating diverse loading conditions, (3) 
Conducting dynamic testing to assess real-life responses, 
(4) Considering material variability in experiments and 
modeling, (5) Improving nonlinear modeling techniques, 
(6) Investigating larger-scale structures to account for scale 
effects, and (7) Evaluating various connections and rein-
forcements for more realistic scenarios. These plans aim 
to enhance the reliability and practicality of knowledge in 
the field of RC member behavior under combined loading 
conditions.
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