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Slender reinforced concrete column may fail in material failure or instability failure. Instability failure is a common problem
which cannot be analyzed with first-order analysis. So, second-order analysis is required to analyze instability failure of slender RC
column. The main objective of this study was to construct uniaxial interaction diagram for slender reinforced concrete column
based on nonlinear finite element analysis (FEA) software. The key parameters which were studied in this study were eccentricity,
slenderness ratio, steel ratio, and shape of the column. Concrete damage plasticity (CDP) was utilized in modeling the concrete.
Material nonlinearity, geometric nonlinearity, effect of cracking, and tension stiffening effect were included in the modeling. The
results reveal that, as slenderness ratio increases, the balanced moment also increases, but the corresponding axial load was
decreased. However, increasing the amount of steel reinforcement to the column increases the stability of the column and reduces
the effect of slenderness ratio. Also, the capacity of square slender RC column is larger than rectangular slender RC column with
equivalent cross section. However, the result is close to each other as slenderness ratio increased. Finally, validation was conducted

by taking a benchmark experiment, and it shows that FEA result agrees with the experimental by 85.581%.

1. Introduction

Reinforced concrete column is a structural member which is
used to carry primarily compression loads. It may be short or
slender (long) depending on the slenderness ratio of the
column. Short column is a column which can resist axial
force and moment which is greater than or equal to axial and
moment capacity of column cross section. However, slender
column is a column which its section resistance is reduced by
second-order deformation (buckling) of the column [1]. In
addition, previous works showed that the compressive
strength, steel reinforcement, and dimensions of cross
sections of columns can directly affect the capacity of the
column [2]. Slender column may fail either material failure
or instability failure. Instability failure will occur as the effect
of slenderness of the column increases. The use of slender
reinforced concrete column is increasing to keep the

aesthetic of the building and get the sufficient space inside of
the building [3]. So, analysis and design of this column is
considering the second-order deformation necessary. Mac
Gregor also recommends that the column should be
designed to carry the axial load and moments that account
the effect of second-order deformation [1].

Different country codes set on how to consider the
second-order effect in the design of slender reinforced
concrete column. For example, Euro code-2 recommends
second-order nonlinear analysis and simplified methods
such as second-order analysis based on the nominal
stiffness method based on estimation of the curvature [4].
Other methods such as the long column reduction factor
method and the complementary moment design method
also could be used. Except second-order nonlinear analysis,
the all other methods use approximate empirical equation
to account for the second-order deformation of the
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column. Although some of empirical equation does not
account effect of cracking, the others account effect of
cracking at location of maximum moment only cracking of
the column reduces the flexural stiffness of the column.
Since the crack will not form only at the location of the
maximum moment, nonlinear analysis of the slender
column which accounts the effect cracking throughout the
length is needed.

Slender reinforced concrete column may fail in material
failure or instability failure. Instability (buckling) failure is
a common problem which cannot be analyzed with first-
order analysis. Because geometry, material properties
(stress-strain relationship) and large deformations are
nonlinear, and hence, nonlinear analysis should be per-
formed to get better result [5, 6]. For acceptable analysis
and design of slender reinforced concrete columns, detail
investigation of second-order effects for taking into ac-
count a total bending moment. A recent research indicates
that an approximate method for calculating the second-
order moment is not always results the safe side of the
design. Relatively, a discrete model which take account the
x-sectional nonlinearity, nonlinear behavior of concrete in
compression, influence of cracking, and tension stiffening
provides fair results [7].

In the design of the slender column using the above listed
design method, the tensile strength is ignored, though the
member carries small tensile stress due to tension stiffening.
So, investigating the behavior of slender reinforced concrete
column under nonlinear analysis including effect of cracking
and tension stiffening effect is very important. Many re-
searchers did different research studies on this area, such as
Kim and Kwak did a nonlinear behavior of slender rein-
forced concrete column [3]. Cleason and Gylltoft also
conducted experimental and FE analysis of the slender
concrete column subjected to eccentric loading [8].
Rodrigues et al. worked on failure behavior modeling of the
slender reinforced concrete column subjected to eccentric
loading [5]. However, none of them study construction of
uniaxial interaction diagram for slender reinforced concrete
column using nonlinear FE analysis.

In this paper, construction of an interaction diagram for
uniaxial slender reinforced concrete column using nonlinear
finite element software was studied. So, the effect of cracking
throughout the length of column and effect of tension
stiffening on the uniaxial interaction diagram is also con-
sidered in this study.

2. Material Model

2.1. Concrete. Concrete exhibits nonlinear stress-strain
response mainly because of microcracking. Cracks are
oriented as the stress field and generate the failure modes
[9]. In tension, failure localized in a narrowband; stress-
strain behavior is characterized by sudden softening ac-
companied by reduction in the unloading stiffness. In
compression, failure usually begins at the most outside
fiber and is more complex, involving volumetric expansion,
strain localization, crushing, and inclined slipping. The
stress-strain behavior involves ductile hardening followed
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by softening and reduction in the unloading stiffness. The
concrete damage plasticity model has shown good per-
formance in capturing concrete behavior [10]. This model
is particularly well suited for reproducing failure modes
that are based on tensile cracking and compression
crushing [9]. Thus, concrete damage plasticity was used in
this study.

2.2. Uniaxial Compressive Strength. Cubic compressive
strength of the concrete which was used in this paper is
43 MPa. Figure 1 shows the uniaxial compressive stress-
strain diagram which is provided on Euro Code for
nonlinear analysis was used [4]. The corresponding
equation to calculate the nonlinear uniaxial compressive
strength behavior of concrete are shown as
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The concrete damage values were calculated according to
equation (3) and used for FEA modeling under this study:
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2.3. Tensile Strength Behavior. To analyze the tensile be-
havior of concrete, equation (6) was used. This equation was
utilized from previous research studies which were
expressed by Alfarah [9]:
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FIGURE 1: Nonlinear uniaxial compressive strength behavior for concrete. (a) Compressive stress-crushing strain. (b) Compressive damage-

crushing strain.
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where ¢, = 3, ¢, = 6.93, and w, is the critical crack opening.
From equation (6), it can be clearly understood that ¢, (0) =
tin and o,(w.) = 0. Therefore, w, can be considered as the
fracture crack opening and given as [9]

5.14G;
w, = :

=T (7)

In this proposed method, the actual crack spacing was

not studied, but single crack per element has been assumed.

According to Alfarah et al., the assumption was suitable for

global-purpose simulation. After this assumption, in the

descending segment of the tensile stress-strain curve, the

strain can be obtained in terms of the crack opening from the

following kinematic relation given in equations (8) and (9)
[9]:

w
Eot = &m T 7 (8)
eq
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As it is discussed in compressive damage variables, the
same method was employed also for tensile damage vari-
ables, and it is described as
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where ¥ is tensile cracking strain which is inelastic strain.
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a =10,

Finally, tensile stress-cracking strain and tensile damage
variable-cracking strain were prepared and drawn, as shown
in Figure 2.

2.4. Steel Reinforcement. All data for the steel reinforcement
utilized in this study were adopted from [8]. The input data
used for the longitudinal and link steel reinforcement are
7850 Kg/m® for density and 0.3 for Poisson ratio. The me-
chanical properties of the steel are depicted in Table 1, and
stress-inelastic strain behavior is also presented in Figure 3.

3. Finite Element Analysis for the Column

Abaqus 6.13 software was used for modeling of the slender
reinforced concrete column. Dynamic explicit, with loading
speed of 0.004 m/s, was used. Four parts were created in the
part module. These are plain concrete column, longitudinal
reinforcement, lateral reinforcement, and steel plate with the
size greater than column dimension. In order to get smooth
load-moment interaction diagram, the capacity of the col-
umn at eccentricity which is outside the section was used. So,
the steel plate enabled us to get the capacity of the column at
the eccentricity of outside of the crosssection and also to
distribute the concentrated load due to given displacement
to the column cross section.

Different analyses were done in validation work using
different mesh sizes until the analysis result was conforming
to experimental result. Thus, 0.02 m mesh size gave the best
result which conforms to experimental result and takes
reasonable running time for the model. Since dependent
instances were used, the mesh was done for parts. For the
plain concrete column, C3D8R was used which is eight
nodes’ linear brick, reduced integration hourglass control.
The B31, element, which is a first-order three-dimensional
beam element, was used for longitudinal reinforcement.
However, T3D2, which is a first-order three-dimensional
truss element, was used for link reinforcement. Twelve
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FIGURE 2: Nonlinear tensile strength behavior for concrete. (a) Tensile stress-cracking strain. (b) Tensile damage-cracking strain.

TaBLE 1: Mechanical properties of steel reinforcement.

Specimen Fy (MPa) Fu (MPa) &Sh (%,) eu (%,) Es (GPa)

¢16 Ks60 636 721 0.0022 0.01 207
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FIGURE 3: Stress-inelastic strain behavior for the steel.

analyses were conducted for each specimen given in Table 2
to get the capacity of the column at different eccentricities.
The total analyses were 180 for all specimens.

4. FEA Results and Discussion

4.1. Load Displacement. The load-displacement data at
different fifteen eccentricities for each specimen were col-
lected. For instance, the load-displacement curve is shown in
Figure 4 for SRC1 at eccentricity of 10 mm.

The load-displacement data at different eccentricities were
collected and maximum load and its corresponding displace-
ment was taken to get maximum load and moment. Table 3
shows computation of moment from maximum load and its
corresponding displacement. For example, for load-displace-
ment curve which is shown in Figure 3, the maximum load is
1196.910kN and its corresponding displacement is
11.3716 mm.

4.2. Axial Load-Moment Interaction Diagram. The result for
the axial load-moment interaction diagram from the current
study was drawn, and it is shown in Figure 5.

As shown in Figure 5, as the eccentricities increased, the
axial load resistance decreased in a slow manner, but the
moment increases rapidly. Especially in the compression
control zone, the slope of the curve is gentle which indicates
that the difference in compression failure load for two
different eccentricities is small.

4.3. The Effect of Slenderness Ratio on Uniaxial Interaction
Diagram. As indicated in Figure 6, the increase in the slen-
derness ratio decreases the capacity of pure axial column. Since
the nonlinear analysis was conducted, the second-order effect
was also included. As slenderness ratio increases, the second-
order effect also increases and results in large displacement. The
increment of displacement also increases the moment at the
midheight of the column. This is actually happened when the
load approached to the balanced failure. At the balanced failure,
the reinforced concrete column in compression and tension
zones fails simultaneously. For example, for the first specimen,
SRC1, with slenderness ratio of 60.62, the balanced axial load
capacity and moment capacity are 774.024 kN and 47.1642kN-
m, respectively. However, for second specimen (SRC2) with
slenderness ratio of 80.54, it is 635.928 kKN and 52.4527kN-m.
The reduction in axial capacity is 17.84%, and the increase in
moment is about 11.21%. However, when the amount of steel
increased, the stability of the column is increased and second-
order effect is reduced.
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TABLE 2: Parametric data for the specimens.
. f f b h L No. Bar 0]
No. Specimen (Mcsa) (Myfl’(a) (mm) (mm) (mm) A (pcs) (mban:) P
1 SRCC1 43 636 200 200 3500 60.62 4 12 0.0122267
2 SRCC2 43 636 200 200 4650 80.54 4 12 0.0122267
3 SRCC3 43 636 200 200 5800 100.46 4 12 0.0122267
4 SRCC4 43 636 200 200 3500 60.62 4 14 0.016642
5 SRCC5 43 636 200 200 4650 80.54 4 14 0.016642
6 SRCC6 43 636 200 200 5800 100.46 4 14 0.016642
7 RRCC1 43 636 190 210 3330 60.7 4 12 0.0122102
8 RRCC2 43 636 190 210 4420 80.58 4 12 0.0122102
9 RRCC3 43 636 190 210 5510 100.46 4 12 0.0122102
10 RRCC4 43 636 190 210 3330 60.7 4 14 0.0166195
11 RRCC5 43 636 190 210 4420 80.58 4 14 0.0166195
12 RRCC6 43 636 190 210 5510 100.46 4 14 0.0166195
SRCC is square reinforced concrete column specimen; RRCC is rectangular reinforced concrete column specimen.
T T T T U, Magnitude
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FIGURE 4: Load-displacement curve for SRC1 column at e=10 mm.
TaBLE 3: Axial load and moment for SRCI1.
Load, F A e e+A Moment, M =F*(e+A)
(kN) (mm) (mm) (m) (kN.m)
1356.26 0 0 0 0
1196.91 11.3716 10 0.0213716 25.57988
1066.37 14.1933 20 0.0341933 36.46271
835.67 25.1304 30 0.0551304 46.07082
774.024 20.9338 40 0.0609338 47.16422
617.64 23.9412 50 0.0739412 45.66906
568.529 19.6088 60 0.0796088 45.25988
430.819 21.1345 80 0.1011345 43.57066
371.229 23.68 90 0.11368 42.20131
315.741 20.8916 110 0.1308916 41.32786
251.086 24.8036 120 0.1448036 36.35816
230.099 24.9041 130 0.1549041 35.64328
210.903 23.8936 140 0.1638936 34.56565
-128.361 0 0 0 0

4.4. The Effect of Steel Reinforcement Ratio on Uniaxial In-
teraction Diagram. As shown in Figure 7, increasing the
amount of steel raises the compression balanced and also
tension failure load. However, as the slenderness ratio

increased in the tension control zone, the effect of increasing
amount of steel is insignificant. This is caused due to pre-
mature or instability failure. As the eccentricity approach to
large value and slenderness also increased, the buckling of
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FIGURE 5: Axial load-moment interaction diagrams. (a) SRC-columns. (b) RRC-columns.
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F1GUre 6: Comparison of axial load-moment interaction diagram based on slenderness ratio. (a) For square column with p =0.01223. (b) For
square column with p=0.01664.



Advances in Civil Engineering

Axial load (kN)

0 10 20 30 40 50 60 70
Moment (kN.m)

—— p=0.0122267

——— p=0.016642

(®)

30

40 50 60 70

Moment (kN.m)

1600 T T T T T
1400 —
1200 — 7
—~ 1000 -
] 1 i
S 800 -
< i
2
= 600
E | l
< 400
200 +
o] |
-200
T T T T T T
0 10 20 30 40 50 60 70
Moment (kN.m)
— p=0.0122267
——- p=0.016642
(a)
1400 .
1200 4~
1000
2 800
=
= 600 -
<
=
& 400 A
<
200 A
0 4
-200 A
T T
0 10 20
——= p=0.0122267
—— p=0.016642

(c)

F1GuRre 7: Comparison of axial load-moment interaction diagram based on steel ratio. (a) For square column with A =60.62. (b) For square

column with A =80.54. (c) For square column with A =100.46.

the column will be very large and will result in premature
failure.

4.5. The Effect of Shape of the Column on Uniaxial Interaction
Diagram. The shape of the column has an effect on the capacity
of the slender reinforced concrete column. In this study, only
square and rectangular reinforced concrete column which have
an equivalent area was considered. For the rectangular column,
the eccentricity was considered in the minor axis direction so
that the column will be uniaxial. The capacity of square rein-
forced concrete column is larger than rectangular one. However,
with increasing slenderness ratio, the effect of the shape

diminishes, as illustrated in Figure 8. The effect is the same with
the increase in the amount of steel.

5. Comparative Study (Validation)

A nonlinear numerical model estimates close results to the
experimental ones, which is suitable for use in verification of
elements under combined axial load and bending [11].
Before starting modeling of the research specimen, the
validation work was done in order to decide on different
parameters. By changing loading speed, bulk viscosity, and
mesh size, different analyses were conducted and also the
load-displacement curve was recorded.
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FiGure 8: Comparison of axial load-moment interaction diagram based on shape of the column. (a) Column with p =0.01223 and A = 60.6.
(b) Column with p=0.01223 and A =80.5. (c) Column with p=0.01223 and A =100.46.

For the validation, Claeson’s [8] experimental work 20 mm eccentricity for the axial load
which is conducted on high strength slender concrete col-
umns subjected to eccentric loading was utilized. The ma-
terial d’ata s, geometrlcal properties, amfl r?sults from f., = 43MPa,
Claeson’s experiment that was used for validation are pre-

(12)
sented as follows: £ plit = 3.7MPa.

Three-meter-long square column with cross section of
200 x 200 mm, which is pinned at both ends

Concrete cover of 15mm

The maximum axial load and the corresponding de-
flection are 990 kN and 22 mm, respectively.

For illustration purpose, the analysis results were cate-
4¢16 longitudinal bars and ¢8 ¢/c 130 mm link bar gorized as Valid-1, Valid-2, and Valid-3, as shown in Table 4.
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TaBLE 4: Categorization of load-displacement curve.

Category Mesh size Bulk viscosity Speed (m/s)
Valid-1 20 0 —0.0015
Valid-2 20 0.003 —-0.004
Valid-3 20 0.0015 —-0.004

TaBLE 5: Comparison between FEA and experimental results.

Category Maximum load (kN) Fexp/FFEA

Experimental 990 1

Valid-1(FE) 1047.34 0.9452
Valid-2(FE) 1204.33 0.822
Valid-3 (FE) 1156.8 0.85581

For instance, Valid-1 is the slender reinforced concrete
column modeled with mesh size of 20 mm, bulk viscosity of
0, and compressive loading of 0.0015m/s.

Table 5 depicts that the category of Valid-1 has the load
which is nearest to experimental, but the corresponding
displacement is very small and far from the experimental,
but Valid-3 best conforms to the experimental curve. The
maximum load of Valid-3 is 1156.8 kN, and the maximum
load of experimental is 990kN. So, the experimental is
85.581% of the maximum load of Valid-3. This indicates that
FE result well conformed to the experimental result. Hence,
as stated by the previous study, the analysis of the studied
model from numerical simulations by using FEM presented
reliable results, which can be used in the decision-making
processes in engineering projects [12].

6. Conclusions

From this study, the following collusions are presented:

Validation between the FEA and experimental work
was conducted, in which the experimental result was
85.581% of the FEA result.

The axial load-moment interaction diagram reveals
that, as slenderness ratio increases, the balanced mo-
ment also increases, but the corresponding axial load
decreases. For example, as slenderness ratio increases
from 60.62 for SRCI to 80.54 for SRC2, the balanced
axial load capacity reduces with 17.84% and moment
increases with 11.21%.

Increasing the amount of steel to the column increases
the stability of the column and reduces difference in
balanced moment due to slenderness ratio. For the
same slenderness ratio, increasing the amount of steel
also increases all compression failure load, balanced
failure load, and tension failure load.

The capacity of square slender RC column is larger than
the rectangular slender RC column with equivalent
cross section. However, increasing the slenderness ratio
reduces the difference in the capacity of the square
slender RC column and the rectangular slender RC
column.
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B31: First-order three-dimensional beam element

C3D8R: Eight nodes’ linear brick, reduced integration
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CDP:  Concrete damage plasticity

FE: Finite element
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FEM:  Finite element method

RC: Reinforced concrete
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SRCC: Square reinforced concrete column specimen

T3D2: First-order three-dimensional truss element
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o Compressive stress of concrete

fem Mean compressive strength of concrete at 28 days

Eou: Nominal ultimate strain
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