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Abstract
Transverse openings may have been provided in reinforced concrete columns for the passage of services like plumbing pipes 
and electric conduits. These openings influence the behavior and strength of RC columns. Thus, it is important to study the 
effects of transverse opening on its behavior. This study focused on the strength of RC column with transverse opening by 
considering different opening ratios, the position of opening (at 0.25H, 0.5H, and 0.75H from the top end), concrete strength, 
loading eccentricity, and direction of loading eccentricity (when eccentricity parallel and normal to the longitudinal axis 
of transverse opening) as study parameters to access their effect on the ultimate strength, load versus vertical displacement 
curve and damage mode of column model. Fifty-four model specimens were selected, which are modeled with the concrete-
damaged plasticity model in Abaqus 6.14. The FE model was validated against a previously conducted experimental inves-
tigation, which showed a good agreement with the experimental result. The study confirmed the significant effect of study 
parameters on the ultimate strength of the RC column. Further, a sensitivity analysis was performed to see how much the 
independent variables affect the ultimate strength of the column.

Keywords  Opening ratio · Eccentricity · Direction of loading eccentricity · Ultimate strength · Damage mode · Position of 
opening

Abbreviations
CFRP	� Carbon-Fiber-Reinforced-Polymers
w	� Crack opening displacement
wc	� Crack opening displacement at which stress can 

no longer be transferred
c1	� Material constant equal to 3
c2	� Material constant equal to 3.93
GF	� Fracture or crushing energy
epo	� Eccentricity ratio (when the eccentricity is paral-

lel to the opening)
eno	� Eccentricity ratio (when the eccentricity is per-

pendicular to the opening)
fck	� Cylindrical compressive strength

Ecm	� Concrete mean elastic modulus
fctm	� Peak concrete tensile stress
fcm	� Mean compressive strength
Pult	� Ultimate load capacity
∅r	� Opening ratio
lpo	� Position of the opening
FE	� Finite element

Introduction

Reinforced concrete columns are widely used structural 
members that carry loads mainly in compression and are 
designed to transfer loads from superstructures and finally 
to the soil through the foundations. Transverse openings 
may be present in reinforced concrete columns for the pas-
sage of services like sanitary reasons, ventilation, heating, 
air conditioning, and electrical ducts, and their presence is 
advantageous in terms of the economy and aesthetics of the 
buildings (Son et al., 2006). According to the ACI 318–14 
(A. C. I., 2014) building code, conduits and pipes embedded 
within a column must not occupy more than 4% of the cross-
sectional area on which strength is calculated.
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Many formulations have been proposed in codes of prac-
tice or research documents to improve understanding of RC 
solid columns, both numerically (Gholipour et al., 2020; 
Ibrahim et al., 2015; Li et al., 2021; Raza et al., 2019) and 
experimentally (Hwang et al., 2020; Krainskyi et al., 2018; 
Hassan et al., 2013); K. T. A. Abdullah2., 2000; Landović 
& Bešević, 2021, Hwang et al., 2020; Balanji et al., 2016; 
(Zhang et al., 2017). A numerical investigation has been 
conducted on a partially loaded square column with high-
strength concrete to access its ultimate strength and load 
versus vertical deflection by considering the effect of extra 
Carbon-Fiber-Reinforced-Polymers (CFRP) layers, load-
ing eccentricity, and initial loading ratio as study param-
eters (Khelil et al., 2021). The study results confirmed a 
significant decrease in ultimate strength as initial loading 
and eccentricity increased. In addition, the performance 
of a RC column made from normal and high-strength con-
crete has been studied under monotonic and cyclic loading 
(Zarei, 2016). A column subjected to cyclic loading results 
in stiffness degradation. Furthermore, both numerical and 
experimental investigations were conducted on the rein-
forced concrete column made from recycled fine and coarse 
aggregate under compressive axial loading (Khelil, 2015). 
Both numerical and experimental results showed the same 
mode of damage.

Various studies (Isleem et al., 2021; Jiang & Wu, 2020; 
Waryosh et al., 2012; Othman & Mohammad, 2019) have 
been conducted on the behavior of reinforced concrete col-
umns. The specimens were strengthened by different fiber-
reinforced polymers under different loading eccentricities. 
The ultimate strength is increased as the ratio of fiber-rein-
forced polymer increases and loading eccentricity decreases. 
In another case, a numerical model was used to simulate the 
slender reinforced concrete column failure mode under dif-
ferent loading eccentricities (Rodrigues et al., 2015). Crush-
ing of concrete in compression, yielding of steel rebar, and 
formation of cracks are taken into consideration, which is 
used to get the exact non-linear behavior of the model. The 
result concluded the significant effect of loading eccentricity 
on failure mode and cracking formation.

The most important parameters that govern the behavior 
of hollow columns are studied by Hoshikuma and Priest-
ley (2000), in which axial load ratio, steel ratio, relative 
thickness ratio, and shape of the section are considered as 
study parameters. An experimental investigation (Bakhteri 
& Iskandar, 2005) and a numerical simulation (Al-Maliki 
et al., 2021) were performed to study the effect of an opening 
parallel to the longitudinal axis of the column cross-section 
under axial loading. Both studies testified to a significant 
reduction in axial load capacity due to the presence of open-
ings as compared to a column with a solid section. Increas-
ing longitudinal and transverse reinforcement was presented 

as a solution to strengthen the axial load capacity reduced 
by longitudinal opening.

Furthermore, an extensive experimental investigation was 
conducted on the ultimate strength of reinforced concrete 
columns with the presence of a transverse opening (I. A. S. 
AL-Shaarbaf et al., 2017). In the study, different opening 
ratios and loading eccentricity were considered to access 
the behavior of the RC column under axial loading. The 
study revealed a significant effect of opening ratio and load-
ing eccentricity on the ultimate load capacity of the test 
specimens. Based on various literature reviews, studies on 
reinforced concrete columns with a transverse opening are 
very rare from the authors’ knowledge. Therefore, the herein 
study aims to investigate the ultimate strength of RC col-
umn using numerical simulation with different transverse 
openings, different eccentricities, the direction of loading 
eccentricity, concrete strength, and position of the opening 
as study parameters. These transverse openings have differ-
ent sizes, locations, and differences in shapes that can sig-
nificantly affect the behavior and strength of the reinforced 
concrete columns. Numerically, no detailed investigations 
have been conducted into the different cases of transverse 
opening effects on the structural response of the reinforced 
concrete columns. Laboratory tests are labor-intensive, time-
consuming, and costly. On the other hand, various empiri-
cal and code methods, based heavily on model test results, 
inevitably involve gross approximations that are not always 
reliable, and, by nature, their scope of applications is lim-
ited. Non-linear finite element analysis, however, provides 
an effective method by which structures can be analyzed to 
progressive failure. Non-linear analysis of concrete struc-
tures has become increasingly important and useful in recent 
years. In recent days, numerical analysis through finite ele-
ment analysis software ABAQUS is attracting research areas 
due to its being faster, using modern computing techniques, 
easier, and more cost-effective than experimental study.

Research method

Concrete material modeling

The accuracy of a result obtained from FE simulation 
mainly depends on the accuracy of the stress–strain math-
ematical modeling used to represent the material non-lin-
earity response. Data inputs from the concrete presented 
in Table 1 were used to model the specimens. The elastic 
modulus (Ecm) is computed based on the formula provided 
in Committee and for Standardization (2002), using cylin-
drical compressive strength (fck) as input. Concrete damage 
parameters were computed using mathematical equations 
and default values provided in Inc (2017) for both compres-
sive and tensile stress behavior.
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Concrete compressive behavior

It is not an easy task to establish an accurate stress relation-
ship for concrete. To get concrete compressive stress–strain 
input data for modeling, the uniaxial concrete compressive 
stress–strain curve and equation provided in Committee and 
for Standardization (2002) were used. Up to about 30% of 
the maximum compressive strength, the uniaxial compres-
sive stress–strain curve for concrete is assumed to be lin-
early elastic. Figure 1(a) shows the developed non-linear 
stress–strain response of C-30.8 concrete with uniaxial com-
pressive loading.

Concrete tensile behavior

The tensile behavior can be defined by the yield stress as a 
function of displacement or strain to taken into account the 
tension stiffening effect (Committee & for Standardization, 
2002; M. A. Yusuf Sümer*, 2015). When concrete cracks, 
some amount of load is transferred to reinforcement across 
cracks and carried by it. This effect is known as the tension 
stiffening effect, which is required in the concrete-damaged 
plasticity model as an input. It is specified through the post-
failure stress-displacement relationship. An exponential 
function proposed in Karihaloo et al. (2003); H. W., 1986) 
was considered to extract input data for concrete tensile 
stress-displacement (as shown from Eqs. 1–3), which is the 
most accurate curve. Equation. 4 was employed to compute 

GF (Alfarah et al., 2017). Figure 1(b) shows the developed 
non-linear tensile stress–strain response of C-30.8 concrete 
with uniaxial tensile loading.

Steel materials modeling

For this particular study, ideal bilinear modeling was con-
sidered based on the mathematical modeling proposed for 
performing research papers (Hamicha & Kenea, 2022; 
Kenea, 2022; Kenea & Feyissa, 2022; Maleki & Bagheri, 
2008; Feyissa & Kenea, 2022)–(Megarsa & Kenea, 2022). 
Table 2 shows the elastic–plastic properties of the steel bar 
used in the FE simulation.
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Table 1   Concrete compressive strengths used in the model

Concrete 
proper-
ties

Concrete grade

C-30.8 C-35 C-40 Poison’s 
ratio

Density 
(kg/m3)

fck (MPa) 30.8 35 40 0.2 2400
Ecm 

(MPa)
33,042.45 34,077.15 35,220.46
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Fig. 1   Sample uniaxial stress–strain curve for C-30.8 a Compression and b tensile

Table 2   Elastic–plastic material properties used for rebars

Elastic Property Plastic property

Modulus of 
elasticity 
(MPa)

Density (Kg/
m3)

Poisson’s 
ratio

Yield 
stress 
(MPa)

Plastic strain

200,000 7850 0.3 533 0
549 0.0075
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Geometry and number of specimens

The study considered opening ratio (area of the opening to 
the face area of the column), eccentricity ratio (eccentricity 
to the depth of the column), concrete strength, the direction 
of eccentricity (normal and perpendicular to the longitudi-
nal axis of transverse opening) and position of opening as 
study variables to investigate the behavior of the RC column. 
Based on independent variables, 54 RC column specimens 
were undertaken to access the behavior of columns with the 
opening at a different position. The RC column with a 150 
mm × 150 mm × 700 mm on downscaled dimension was 
employed. For modeling, four Ф10 mm steel longitudinal 
reinforcements and six Ф6 mm stirrups with 100 mm center-
to-center spacing were used. Table 3 illustrates concentri-
cally loaded column specimens. In another way, Table 4 
(eccentricity is parallel to opening) and Table 5 (eccentric-
ity is perpendicular to opening) present eccentrically loaded 
RC column specimens. The position of the opening was at 
0.25H, 0.5H, and 0.75H, which was measured from the top 
end of the column. The selection of position mainly depends 
on the high probability of stress concentration at the ends 
and middle of the column due to maximum shear force and 
bending moment, respectively. In the designation of the 
study specimens, the first number represents the position of 
the opening; the second number represents the magnitude 
of eccentricity in mm; the third number represents the open-
ing diameter in mm; and the fourth number represents the 
concrete compressive strength if there.

Analysis step

The analysis procedure is performed using static general, in 
which 15 mm of displacement is applied axially to perform 
the parametric study of the modeling. The incremental size 
in the analysis is fixed initially to 0.001 and increases by a 
minimum of 1E-015 to a maximum of 1. During analysis, 
a maximum of 5000 increments was used based on conver-
gence criteria.

Interaction

The interaction between elements of the model is defined 
through the creation of a constraint sub-option from the 
interaction module of Abaqus. The created parts include a 
concrete column, reinforcing steel, stirrups, and an analytical 
rigid plate. The embedded element option was used to con-
nect the reinforcement and stirrup element to the concrete 
column host element. The analytical rigid plate is attached 
to the column using a tie.

Boundary condition and load application

The bottom end of the column is pinned in all directions. 
The top of the column is pinned in the X and Y directions, 
allowing for 15 mm of vertical displacement in the Z direc-
tion. The analytical rigid plate was used to distribute the 
applied load effect uniformly over the top end of the col-
umn. Figure 2 shows the applied boundary condition of the 
modeling and the application of displacement in negative 
Z direction for different cases, where there is no opening 

Table 3   Concentrically applied reinforced concrete column model specimens

Direction Group Designation Opening ratio Eccentricity 
ratio (e/h)

Concrete 
strength 
(Mpa)

Position of 
opening from 
top

Load applied concentrically at center of column G-1 CA1E0π0 0 0 30.8 0.5H
CA1E0π15 0.1 0 30.8 0.5H
CA1E0π20 0.133 0 30.8 0.5H
CA1E0π25 0.167 0 30.8 0.5H

G-2 CA2E0π15 0.1 0 30.8 0.25H
CA2E0π20 0.133 0 30.8 0.25H
CA2E0π25 0.167 0 30.8 0.25H

G-3 CA3E0π15 0.1 0 30.8 0.75H
CA3E0π20 0.133 0 30.8 0.75H
CA3E0π25 0.167 0 30.8 0.75H

G-4 CA1E0π0-1 0 0 35 0.5H
CA1E0π0-2 0 0 40 0.5H
CA1E0π15-1 0.1 0 35 0.5H
CA1E0π15-2 0.1 0 40 0.5H
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Table 4   Models specimens with loading eccentricity parallel to the longitudinal axis of transverse opening

Direction Group Designation Opening ratio Eccentric-
ity ratio 
(e/h)

Concrete 
strength 
(Mpa)

Position of 
opening from 
top

Load applied parallel to longitudinal axis of transverse 
opening

G-5 CA1E45π0 0 0.3 30.8 0.5H
CA1E45π15 0.1 0.3 30.8 0.5H
CA1E45π20 0.133 0.3 30.8 0.5H
CA1E45π25 0.167 0.3 30.8 0.5H

G-6 CA1E120π0 0 0.8 30.8 0.5H
CA1E120π15 0.1 0.8 30.8 0.5H
CA1E120π20 0.133 0.8 30.8 0.5H
CA1E120π25 0.167 0.8 30.8 0.5H

G-7 CA2E45π15 0.1 0.3 30.8 0.25H
CA2E45π20 0.133 0.3 30.8 0.25H
CA2E45π25 0.167 0.3 30.8 0.25H

G-8 CA2E120π15 0.1 0.8 30.8 0.25H
CA2E120π20 0.133 0.8 30.8 0.25H
CA2E120π25 0.167 0.8 30.8 0.25H

G-9 CA3E45π15 0.1 0.3 30.8 0.75H
CA3E45π20 0.133 0.3 30.8 0.75H
CA3E45π25 0.167 0.3 30.8 0.75H

G-10 CA3E120π15 0.1 0.8 30.8 0.75H
CA3E120π20 0.133 0.8 30.8 0.75H
CA3E120π25 0.167 0.8 30.8 0.75H

G-11 CA1E45π15-1 0.1 0.3 35 0.5H
CA1E45π15-2 0.1 0.3 40 0.5H

Table 5   Models specimens with loading eccentricity perpendicular to the longitudinal axis of transverse opening

Direction Group Designation Opening ratio Eccentric-
ity ratio 
(e/h)

concrete 
strength 
(Mpa)

Position of 
opening from 
top

Loading applied perpendicular to the longitudinal axis of 
transverse opening

G-12 CB1E45π15 0.1 0.3 30.8 0.5H
CB1E45π20 0.133 0.3 30.8 0.5H
CB1E45π25 0.167 0.3 30.8 0.5H

G-13 CB1E120π15 0.1 0.8 30.8 0.5H
CB1E120π20 0.133 0.8 30.8 0.5H
CB1E120π25 0.167 0.8 30.8 0.5H

G-14 CB2E45π15 0.1 0.3 30.8 0.25H
CB2E45π20 0.133 0.3 30.8 0.25H
CB2E45π25 0.167 0.3 30.8 0.25H

G-15 CB2E120π15 0.1 0.8 30.8 0.25H
CB2E120π20 0.133 0.8 30.8 0.25H
CB2E120π25 0.167 0.8 30.8 0.25H

G-16 CB3E45π15 0.1 0.3 30.8 0.75H
CB3E45π20 0.133 0.3 30.8 0.75H
CB3E45π25 0.167 0.3 30.8 0.75H

G-17 CB3E120π15 0.1 0.8 30.8 0.75H
CB3E120π20 0.133 0.8 30.8 0.75H
CB3E120π25 0.167 0.8 30.8 0.75H
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(solid), openings at 0.25H,0.5H, and 0.75H osf the column 
height from the top to end.

Meshing

The mesh size affects the accuracy of the results obtained 
from the finite element simulations. The mesh size is 
selected to give sufficient accuracy and not to make the run 

time too long. After conducting many trial runs using dif-
ferent finite element mesh sizes, sufficient accuracy was 
obtained by the 15 mm mesh size and then selected for this 
study. The concrete column was modeled using eight-node 
linear brick reduced integration with C3D8R. The rein-
forcing bars and stirrups were modeled using two-node 
linear 3-D truss elements with T3D2. Figure 3 illustrates 

Fig. 2   Boundary condition and application of load with and with out transverse opening

Fig. 3   Meshing of concrete column with and without transverse openings
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the concrete column meshed in the FE simulation with and 
without open.

FE validation

The reliability and accuracy of the finite element model were 
validated against a previously performed experimental inves-
tigation (I. A. S. AL-Shaarbaf, 2017). Two experimental 
specimens have been selected to evaluate the accuracy of 
the FE result against the experimental result, by considering 
columns with and without transverse opening. All condi-
tions (boundary conditions, loading, material properties, and 
others) considered in the experimental study are accurately 
applied for the FE modeling. The ultimate load comparison 
between the FE simulation and experimental results with 
and without transverse opening in the model is shown in 
Figure. 4 and Table 6. The result obtained from the FE simu-
lation showed good agreement with the experimental result.

Result and discussion

Load–displacement curve

Concentrically loaded column

Under this category, the axial load is applied at the center 
of the column by considering different opening ratios and 
positions of opening. Figure 5 illustrates a sample of the 
axial load versus vertical displacement curve of a concentri-
cally loaded column specimen using the opening ratio and 
position of opening as study parameters. The load versus 
displacement curves are almost the same for all study speci-
men’s that is why a sample specimen has been selected and 
shown. The peak point of the curve is significantly decreased 

as the size of the opening or opening ratio increases. In addi-
tion, the peak load was reduced more when the position of 
the opening was at 0.25H and 0.75H as compared to 0.5H.

Eccentrically loaded column

(a) Eccentricity parallel to  transverse opening  The behav-
ior of the RC column with the transverse opening was also 
investigated by considering the load eccentricity effect, 
which is parallel to the longitudinal axis of the transverse 
opening. Figure 6 shows a sample of the axial load versus 
vertical displacement of eccentrically loaded column speci-
mens with different eccentricities, the position of opening 
and opening ratio as study parameters. As the opening ratio 
and eccentricity increase, the ultimate or maximum point of 
the curve is reduced. An opening has a significant effect on 
the axial load capacity of the RC column when the position 
of the opening is at 0.25H and 0.75H as compared to the 
position of the opening at 0.5H.

(b) Eccentricity normal to transverse opening  Furthermore, 
finite element simulation was undertaken to access the axial 
load-carrying capacity of RC column specimens with dif-
ferent load eccentricities perpendicular to the longitudinal 
axis of the transverse opening. The axial load versus vertical 
displacement response of the RC columns was presented in 
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Table 6   Ultimate load comparison between FE and experimental 
result with and without opening

Model Figure 4 Experimen-
tal result 
(kN)

FE result (kN) Percentage 
of variation

CA1E0π0 (a) 1034.1 964.62 6.7%
CA1E45π25 (b) 400 404.21 1.05%
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Figure. 7, by taking the effect of the magnitude of eccentric-
ity and opening ratio into account. The curves have almost 
the same response at some initial loading stage but are sig-
nificantly affected by further loading, which results in a 
tremendous reduction in the maximum point of the curve. 
Therefore, the axial load capacity is decreased as the open-
ing ratio and eccentricity increase, and vice versa.

Parametric effect on the ultimate strength

Effect of opening ratio

The effect of the opening ratio on the ultimate load capacity 
of the RC column has been investigated for both concen-
trically and eccentrically loaded columns under different 
eccentricities, parallel and normal to the longitudinal axis 

of the transverse opening. Figure 8 shows the normalized 
peak load versus the opening ratio of the concentrically 
loaded (e = 0 mm) column by considering the different 
positions of opening (@ 0.25H, @ 0.5H, and @ 0.75H), 
which is measured from the top end of the column. In addi-
tion, Fig. 9(a) and Fig. 9(b) illustrate the normalized peak 
load versus opening ratio of eccentrically loaded (e/h = 0.3 
or e = 45 mm) RC column when the eccentricity is parallel 
and normal to the longitudinal axis of the opening, respec-
tively, by considering different position of opening (@ 
0.25H, @ 0.5H, and @ 0.75H). Figure 10(a), (b) show the 
normalized peak load versus opening ratio of an eccentri-
cally loaded (e/h = 0.8 or e = 120 mm) RC column when the 
eccentricity is parallel and normal to the longitudinal axis 
of the transverse opening at different opening positions (@ 
0.25H, @ 0.5H, and @ 0.75H). The normalized peak load 
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was obtained from the ratio of the ultimate load of each 
column with different opening ratios to the respective peak 
load of the column with zero opening ratio. From the results, 

it is easy to conclude that, as the opening ratio increased, the 
ultimate or peak load significantly decreased. Therefore, the 
effect of the opening should be considered during the design 
of the RC column to be safe under any loading. The ultimate 
peak load of the concentrically loaded model specimens was 
decreased by up to 11.92% as the opening ratio increased 
from 0 to 0.167. When the load is applied with an eccentric-
ity of 45 mm (e/h = 0.3), the ultimate load capacity of the 
model specimens is decreased by up to 20.1% (when the 
eccentricity is parallel to the opening) and 15.59% (when the 
eccentricity is perpendicular to the opening) as the opening 
ratio increases from 0 to 0.167. Further, when the load is 
applied with an eccentricity of 120 mm (e/h = 0.8) that is 
parallel and normal to the longitudinal axis of the opening, 
the ultimate load of the model specimens is decreased by 
up to 12.03% (when the eccentricity is parallel to the open-
ing) and 9.62% (when the eccentricity is perpendicular to 
the opening) as the opening ratio increases from 0 to 0.167.
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Effect of eccentricity

In this study, eccentricity was considered as a study param-
eter to investigate or access its effect on the ultimate load 
capacity of the RC column with different positions of open-
ing and direction of eccentricity. The study identified the sig-
nificant effect of eccentricity and its direction with respect to 
the longitudinal axis of opening on the ultimate load resist-
ance of the RC column.

Figure 11 presents the ultimate load resistance of RC 
column specimens with different eccentricities (0  mm, 
45 mm, & 120 mm) for different opening ratios (0, 0.1, 
0.133, & 1.67) and position of opening when the direction 

of eccentricity is parallel to the longitudinal axis of the 
transverse opening. As eccentricity parallel to the longitu-
dinal axis of the opening is increased from 0 to 120 mm 
or (e/h = 0 to e/h = 0.8), the ultimate load capacity of the 
models decreased by 87.89%, 83.52%, and 87.65% on aver-
age, when the position of the opening is at 0.25H, 0.5H, and 
0.75H, respectively. Figure 12 presents the ultimate load 
resistance of the model specimens with different eccentrici-
ties (0 mm, 45 mm, & 120 mm) for different opening ratios 
(0, 0.1, 0.133, & 1.67) and position of opening when the 
direction of eccentricity is perpendicular to the longitudinal 
axis of the transverse opening. When the position of open-
ing is at 0.25H, 0.5H, or 0.75H, the ultimate load capacity 
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of the models decreases by 85.73%, 81.51%, and 86.01% on 
average as the eccentricity increases from 0 to 120 mm or 
(e/h = 0 to e/h = 0.8). This implies that the eccentricity has 
a significant effect on the ultimate capacity of the column, 
which is caused by the increasing bending moment due to 
the increase in eccentricity.

Effect of concrete strength

Keeping other parameters constant, the effects of concrete 
grade on ultimate load resistance of RC columns have 
been investigated by considering transverse openings. Fig-
ure 13(a) depicts the load versus vertical displacement curve 
of RC column specimens with concentrically applied and no 
transverse opening under different concrete strengths (30.8 
Mpa, 35 Mpa, and 45 Mpa). As concrete strength increased 
from 30.8 Mpa to 40 Mpa, the ultimate load capacity of 
the RC column increased by 22.90%. The load versus verti-
cal displacement response of RC column specimens with 
an e/h of 0 and an opening ratio of 0.1 with different con-
crete strengths (30.8 Mpa, 35 Mpa, and 45 Mpa) is shown 
in Figure. 13(b). The ultimate load capacity is increased 
by 22.3% when the concrete strength is increased from 
30.8Mpa to 40Mpa. Figure 13(c) shows the load versus ver-
tical displacement response of RC column specimens with 
an e/h of 0.3 and an opening ratio of 0.1 in three differ-
ent concrete strengths (30.8 Mpa, 35 Mpa, and 45 Mpa). 
The ultimate load capacity is increased by 27.4% when the 

concrete strength is increased from 30.8Mpa to 40Mpa. The 
specimens in each curve have almost the same response to 
initial load increment, which is significantly affected by fur-
ther load increment. This implies that as concrete strength 
increases, the ultimate load resistance also increases. There-
fore, the effect of transverse opening on the load-carrying 
capacity of the concrete column is significantly minimized 
using concrete with high compressive strength.

Effect of location of opening

In this research, the analysis was done by providing open-
ings at different locations over the height of the reinforced 
concrete column. Three opening positions were selected, 
which were located at 0.25H, 0.5H, and 0.75H when meas-
ured from the top end of the column. From the analysis, it is 
concluded that the effect of the position of openings slightly 
affects the load-carrying capacity of the RC column. From 
the total results of the FE simulation, specimens with an 
opening position of 0.25H and 0.75H have slightly a lower 
ultimate load capacity than specimens with an opening posi-
tion of 0.5H. Therefore, the ultimate load capacity of the 
RC column is reduced more when an opening is provided 
at 0.25H or 0.75H from the top end of the column. There-
fore, during the analysis and design of reinforced concrete 
columns, the effect of the position of the opening should be 
incorporated to have a safe designed column structure. In a 
frame structure, the combined effect of shear and bending 
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moment is mostly located at the top end or bottom end of the 
column. This is in addition to the axial load has a significant 
effect when combined with the location of opening in the 
column. There is a direct relationship between the bending 
moment and eccentricity. From this study, it is concluded 
that providing an opening at 0.5H of the column allows a 
higher performance under the combined action of axial load 
and bending moment.

Damaging mode

Damage or failure mode allows identifying the most affected 
region of the model specimens based on the stress concen-
tration. Since the damage mode of all specimens was almost 
similar, a certain number of specimens were undertaken by 
considering the different position of opening, opening ratio, 
and eccentricity ratio for both compressive and tensile dam-
age. Non-uniformity in stress concentration may be caused 
by a type of loading, and geometric condition of the speci-
mens. Figure 14, Figure. 15, Figure. 16, and Figure. 17, Fig-
ure. 18 illustrate the compression damage mode and com-
pressive damage versus strain of CA1E45π15, CA1E45π20, 

and CA1E45π25, respectively. In another way, Figure. 12, 
Figure. 14, and Figure. 16 present the tensile damage mode 
and tension damage versus displacement of CA1E45π15, 
CA1E45π20, Figure.  19 and CA1E45π25, respectively. 
The study revealed that there is a high-stress concentration 
around the opening due to geometric discontinuity. There-
fore, elements around the opening are more affected than 
other regions of the model.

As the diameter of the opening increases, a large portion 
(more elements) of the RC column are damaged by compres-
sion and tension around the transverse opening. The high-
lighted part of the column is more affected due to tension 
and compression damage. As it can be seen from the contour 
visualization, the parts of the reinforced concrete column 
around openings are damaged due to compression and ten-
sion stress concentration. As the diameter of the opening 
increases, wide parts of concrete columns are damaged by 
compression and tension.
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Sensitivity analysis

Sensitivity analysis is very important to identify how much 
each independent variable effects the dependent variable or 
output. Based on this necessity, an extensive multi-linear 
regression has been conducted in the SPSS software package 
using input and output data from FE simulation. The study 
considered the combined effect of independent variables on 
the ultimate capacity of the model specimens by a single 
equation, as presented in Eq. 5.

(5)
Pult = − 1609.96∅r − 352.1epo − 273.98eno

− 12.5lpo + 23.0fck + 121.27

Based on the sign of the coefficient of the independent 
variable, the ultimate load capacity of model specimens 
increased as concrete compressive strength increased. How-
ever, the ultimate load capacity is decreased as the opening 
ratio, eccentricity ratio, and position of the opening increase. 
Some error is observed from the combined variable equa-
tion as compared to the result from FE simulation, regarding 
the position of the opening. Equation 5 shows the ultimate 
load resistance is decreased as the position of the open-
ing increases. However, the result from the FE simulation 
showed a minimum ultimate load capacity when the posi-
tion of the opening is at 0.25H and 0.75H. The comparison 
reveals the supportive idea at the bottom end of the column 
(0.75H) and the controversial idea at the top end (0.25H) and 
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mid-span (0.5H) of the column. This problem arose because 
of the linearity of each independent variable in the combined 
equation.

Conclusion

An intensified non-linear FE analysis has been modeled in 
Abaqus software to investigate the effect of opening ratio, 
the position of opening, concrete strength, eccentricity ratio 
normal and perpendicular to the opening axis on the ultimate 
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load capacity of the reinforced concrete column. The models 
were validated against a previously performed experimental 
investigation (I. A. S. AL-Shaarbaf, 2017), which showed a 
good agreement during comparison of the result. In addition, 
the damage mode (tensile and compression damage) of the 
RC column in the presence of an opening has been investi-
gated based on the result from the FE simulation. Further-
more, sensitivity analysis was undertaken to see how much 
the independent variables affect the ultimate load capacity of 
the models in individual and combination. Based on the FE 
simulation result the following conclusion has been drawn:

a)	 As the opening ratio increased from 0 to 1.67, the ulti-
mate axial load capacity of the RC column model speci-
mens decreased by up to 11.92%, 20.1%, and 15.59% 
when the loading eccentricity ratio became 0, 0.3, and 
0.8, respectively.

b)	 The study revealed that the loading eccentricity has 
a significant effect on the axial load capacity of the 
RC column. The ultimate load capacity of the models 
decreased by 44.7% (when the opening is parallel) and 
42.6% (when the opening is perpendicular) on aver-
age as the eccentricity ratio increased from e/h = 0 to 
e/h = 0.8.
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c)	 The ultimate axial load capacity of the RC column is 
more reduced when the position of the opening is pro-
vided at 0.25H and 0.75H from the top end compared to 
the position of opening at 0.5H.

d)	 In addition, the study confirmed the tremendous effect of 
concrete compressive strength on the axial load capacity 
of the RC column model. The ultimate axial load capac-
ity of the model specimens increased up to 27.4%, as the 
concrete compressive strength increased from 30.8Mpa 
to 40Mpa.

e)	 Further, the concrete damage has been analyzed to 
access the failure mode of the model under axial loading 
with eccentricity and opening ratio. The finite elements 
around the opening are highly effected due to stress con-
centration. As the opening ratio increased, large portion 
elements were subjected to compressional and tensional 
damage due to geometric discontinuity.
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