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ABSTRACT

Columns subjected to pure axial load rarely exist in practice. Reinforced concrete columns are
usually subjected to combination of axial and lateral actions and deformations, caused by
spatially-complex loading patterns as during earthquakes causes lateral deflection that in turn
affects the horizontal stiffness. In this study, a numerical model was developed in three-
dimensional nonlinear finite element and then validated against experimental results reported in
the literatures, to investigate the behavior of conventionally RC columns subjected to axial load
and lateral reversal cyclic loading. To achieve this goal, numerical analysis was conducted by
using finite element program ABAQUS/Explicit. The variables considered in this study were
axial load index, concrete compressive strength, column aspect ratio, longitudinal and transverse
reinforcement ratios.

According to numerical case studies, the results revealed that axial load index and longitudinal
reinforcement ratio have the most impact on the column response. Also, increasing concrete
compressive strength and reducing column aspect ratio resulted in increasing strength capacity of
the column. Moreover, increasing lateral confinement by transverse reinforcement at the column
ends increases the flexural strength of a flexure-controlled RC columns.
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1. INTRODUCTION

Reinforced concrete frame buildings are the most common type of constructions. They are
expected to show inelastic behavior and permanent residual drift angle or displacement under
severe ground motion excitations. The stiffness, strength and ductility are the major
characteristics of a structure to estimate its capacity. These characteristics are required to be
analyzed properly and the factors affecting them must be studied in detail.

In frame structures, columns are the most critical structural elements as they provide stability
by transmitting loads from super structure to foundation and furnish ductility. Due to their major
contribution under seismic activity, they are the most vulnerable structural elements. Column’s
failure is the most vital as it may lead to additional failure and may result in complete collapse.

It is necessary to improve seismic performance for the RC columns by increasing their strength
and ductility. Therefore, special care should be given to their behavior under load reversals.

2. FAILURE MODES OF RC COLUMNS

Failure modes describe the physical reason for the rupture of a structural element. Fig.1 shows
three probable different failure modes for RC columns; shear failure, flexural failure and
flexural-shear failure, Zhu, et al., 2007. The main two causes for RC columns failure are lack of
shear resistance which results in shear failure and insufficient deformation capacity which results
in flexure failure and flexure-shear failure, Acun, and Sucuoglu, 2010.

Depending on intersecting point of the lateral load-deflection envelope curve and degradation
of shear strength curve, modes of failure can be defined, Yoshikawa, and Miyagi, 2001. Failure
modes may be shear failure; as shown in Fig. 2A, in which case the intersecting point is set
before yielding of the main reinforcement and that happen when Plastic Shear Demand, V,
exceeded Nominal Shear Capacity, V, resulting in a V, / V, ratio greater than 1.0. Flexural-shear
failure occurs, as in Fig. 2Error! Reference source not found.B, in case the intersecting point is
located after the main reinforcement yields. This failure mode happen when V,, is slightly higher
than V, resulting in a V, / V, ratio between 0.6 and 1.0. Flexure failure, as in Fig. 2Error!
Reference source not found.C, occurs in case there is no intersecting point between the two
curves which happen when V,, significantly exceeds V, resulting in a V, / V, ratio less than 0.6.

According to the ACI 318, 2014, the nominal shear strength, Vn, is calculated as the

summation of contributions from concrete, V., and the transverse reinforcement, V. happen

Vn = VC + Vs (1)

Ve=0.17 [1+py/ (14*Ag)]\/f; bd (2)

Where; Aq is gross column area, P, factored axial compression force, d is the effective depth
of the column's cross-section, f, concrete compressive strength in (MPa). The shear
reinforcement contribution is calculated as follows:

Vs=A, f,d /s (3)

Where; A, is the area of transverse reinforcement, f, is the yield strength of the

reinforcement, and s is the spacing of the shear reinforcement.
The plastic shear demand refers to the shear force at which flexural yielding occurs in the
longitudinal reinforcement, forming plastic hinges in the maximum moment regions of the
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specimen (which form at the bottom and top of columns subjected to double curvature).
Therefore, the difference between the two strength envelopes plays a key role in predicting the
failure mode of a given specimen.

3. EVALUATION OF COLUMN DISPLACEMENT CAPACITY

Elastic or linear analysis procedures are insufficient for the assessment of structure behavior
because of the incapability to capture the modification of the structure response when inelastic
action occurs, Fig. 3A. For structural assessment, the various nonlinear analytical procedures can
be classified into two main sets: Nonlinear dynamic analysis (NDA) and Nonlinear static
analysis (NSA), each one having its own shortcomings and strengths as in Fig. 3B.

Nonlinear dynamic analysis or time-history analysis is highly cost in time and money besides
uncertain input for site-specific data and the effort for analysis and detailed modeling could not
be warranted. Nonlinear static analysis as the pushover analysis is low costs in time and money
and have become a desired analysis method in assessment of structural inelastic seismic
behavior.

Monotonically increasing lateral loads at each time step during the analysis procedure to
estimate seismic demands in pushover analyses. The modes of the load remain same, until a
suggested displacement is reached or the structure collapse. The control method for doing the
equivalent seismic loads can be displacement control method or force control method associated
with the procedure that applied. The disadvantages of using the force control method are:

e At each step of the increment analysis, it is difficult to redefine the incremental force vectors
after inelasticity develops in the structure

e The analysis may be terminate when the peak lateral load reached prior the ultimate
displacement develop.

Hence, the displacement control method is suitable and is adopted in this study to investigate the
lateral load-displacement response of reinforced concrete column and validating them against
existing experimental test data. Finite element models have been developed by using ABAQUS
(6.10) to discretize the column specimen (1D2) tested by Acun, 2010, which represent an
isolated part of the columns of an existing building extracted from the inflection point as shown
in Fig. 4. The displacement-time history imposed on the experimental test specimen, using the
displacement control method, is shown in Fig. 5.

4. NUMERICAL INVESTIGATION PROCEDURE

The numerical analysis carried out in this study was achieved by the following steps;

e First, set up a three-dimensional FEM for the RC column, and pushover analysis was adopted
for lateral load. Results from the pushover analysis taken as the baseline for the parametric
study.

e Second, parametric study was performed on the baseline model, and results were compared
for the global response.

e Discussion was carried out based on the influence of varying parameters made on the column
ductility and lateral force demands. Carry out

5. FINITE ELEMENT MODELING

In this study the column specimen (1D2) tested by Acun, 2010, shown in Fig. 4, was modeled by
the finite element method by using finite element code ABAQUS. The discretized column is
modeled as a three-dimensional deformable solid body as shown in Fig. 6. Materials properties
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and reinforcement details are given in Table 1, whereas the finite element types used for the
working model are shown in Table 2.

5.1 Material Properties and Constitutive Relationships

Within finite element packages, reinforced concrete is considered a complex material to be
modeled. Behavior of concrete in tension and compression should be certainly modeled with
finite element in elastic and plastic range. Under tension behavior, the simulation should include
tension stiffening, tension softening and local bond effects in RC elements. Under compression
behavior, the model should include strain softening rules for inelastic behavior.

The concrete compression model requires linear elastic and inelastic material properties. The
elastic limit is chosen as the stress corresponding to 0.3 f. for linear isotropic; (Ec) represents the
modulus of elasticity of the concrete and (v¢) is Poisson's ratio of the concrete. The modulus of
elasticity of concrete was based on the ACI 318M-14 equation,

E.=4700 1/ (When f. in MPa) 4)

The Poisson’s ratio of concrete, v¢, under uniaxial compressive stress varies from about 0.15
to 0.22 for normal strength. Hence, 0.2 was taken in the current study. The compression behavior
curve for normal strength concrete in uniaxial compression is divided into three parts: one part in
the elastic zone and two parts in the inelastic zone. The concrete compressive stress—strain
relationship was defined using the following formulas.

For ascending branch, Macgregor, 1992:-

fo = €E, for 0< e < ¢ (5)
£\ 2
fe =£EC/(1+(£—) ) for &< €< ¢, (6)
And & = %fc’ (Hooke’s law) (7)
_ e
& = 4 @)

For the descending branch, Hoshikuma, et al., 1997

fc: 0-85](c’ - Ecd(e - gcu) (9)
0.85f,
And ECd = 2 eon

Where: - f. = strength of normal concrete at any strain, €
& = strain associated with stress £, .
&, = strain corresponding to (0.3f).
€ = strain at peck point, at the ultimate compressive strength.
&, = Ultimate compressive strain.
E.4 = descending modulus of elasticity.
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The ultimate compressive strain, &, of the unconfined concrete is specified as 0.003 as
recommended by the ACI 318-14.
In this study, the uniaxial tensile strength of concrete (f;') as recommended by the ACI 318M-

14 for normal concrete (f; = 0.62\/E) is adopted,; it has a corresponding strain equal to:
& =f{lEc (10)

Therefore, the strain value of concrete strain at cracking for normal strength concrete is near

to (0.000132) resulting from Eq. (10). It is reasonable to assume that the stress linearly reduces
to (zero) at about 10 times the crack strain due to tension stiffening, Abaqus Documentations,
2010.
Tables 3 and 4 present concrete material characteristics using the above formulas for concrete
compressive strength (f,=25.8 Mpa) that are used as input parameters for column (1D2) FE
modeling, whereas Fig.7 shows the plot for the stress-strain relationship for the concrete
characteristics presented in these tables.

5.2 Element Selection and Input Values

5.2.1 Concrete

In numerical study, 8-node three dimensional hexahedral brick elements as C3D8R were selected
to simulate the concrete (each node has three translational degrees of freedom) with reduced
integration. Reduced integration elements are chosen in order to reduce computational time,
which would be excessive in case of higher order elements. In addition, reduced integration is
preferred in plasticity problems because elements do not exhibit volumetric locking when plastic
flow occurs and incompressible material behavior takes place; it was preferred to use a denser
mesh and low order elements.

Brick element able to model the behavior of nonlinear geometric and material of concrete and
take into account the cracking in tension and crushing in compression by using Concrete
Damaged Plasticity model (CDP) to simulate the behavior of the concrete up to failure. Fig. 8
shows a general view of the element. Tension and compression damage parameters used to
simulate (CDP) model are listed in Table 5. Also, C3D8R element used to model steel plates
that were placed on the top free end of the column.

5.2.2 Longitudinal and transverse reinforcement

In the analyses, the longitudinal and transverse reinforcement was modeled by using truss
elements T3D2 as embedded throughout the column body, this type of element has two nodes.
Fig.9 shows a general view of the element and material properties for the steel reinforcement
used in the column model are shown in the Tables 6 and 7.

5.3 Sequence of Load Application
For the numerical simulations involving axially loaded members under cyclic lateral load, the
sequence of load application is in two separate analysis steps as follows:
a) Quasi-static step: The axial compressive load is applied during the natural period of the
column.
b) Lateral dynamic step: It occurs after the column has achieved equilibrium.

5.4 Validation of the F.E. Models

Numerical modeling was developed to investigate the hysteretic response for the models under
constant axial and lateral cyclic loads using nonlinear quasi-static analysis.
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The verification case were confirmed by two widely accepted approaches:

e First, analyzed under monotonic loading behavior.

e Second, analyzed under reversed cyclic loading behavior.

By using pushover numerical analysis based on displacement control method and comparison
with experimental results was made.

During the pushover analysis, the lateral displacement was increased step by step until the

system reached the maximum displacement level attained in the experiment. Results for cyclic
pushover analysis are presented in Fig.10.
Fig.10A, shows comparison for base shear-drift ratio response between experimental and
numerical analysis for column specimen, while Fig. 10B shows the same comparison but for the
lateral load-top displacement response. Results presented in these figures show good agreement
between experimental cyclic response and that of the numerical finite element modeling.

The monotonic curve that corresponds to that of the half cyclic loading is illustrated in Fig. 11
in comparison with the experimental and numerical cyclic base shear — drift ratio response for
column. It is observed that peak values and limit of the response obtained by monotonic
pushover analysis are in close agreement to those obtained by cyclic pushover analysis. Finally,
Fig. 12 shows a comparison of the stress distribution at the base of the column between
analytical outcome and experimental testing for the column specimen.

6. PARAMETRIC STUDIES
Parametric study was conducted by using the finite element model. The study focused on the
most important parameters that can affect lateral column response and the ultimate lateral load
capacity was expressed in terms of:

- The applied axial load indeX, Pj,qex

- The longitudinal reinforcement ratio, p

- The transverse reinforcement ratio, pg

- The Concrete compressive strength, f..

- The Column aspect ratio, L/ d

In each analysis, only one variable is changed at a time, while all other parameters are kept
constant (unchanged). The range of the parameters that are used in this study is summarized in
Table 8.

6.1 Axial Load Index, P;ndex
Axial compression index, defined as the ratio of axial demand to axial capacity, is calculated
from the following equation:

Axial compression index ( Pipgex) = P/ (4y . f¢) (11)

Practically, RC columns are commonly carry less than 20% of their pure axial load capacity
(Pindex<20%), Sotoud, and Aboutaha, 2014. The pushover analyses are performed to see the
columns behavior under the effect of three levels of the axial load, with axial compression index
values of 10%, 20%, and 40%, respectively. According to Figs.13 and 14, the results show that
when increasing axial load index from 0.1 to 0.4, the peak base shear increased by 60% and the
flexural strength is increased by about 75%.

It is interesting to mention that, after calculating V, from Eq. (1), the V,/V, ratio for the reference
column section ranged between (0.13 — 0.20) according to analytical results which confirm the
flexure-controlled failure mode for the column.
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6.2 Longitudinal Reinforcement Ratio, p
Practically, longitudinal reinforcement ratio for RC columns is 1% to 4%, Sotoud, and
Aboutaha, 2014. Longitudinal reinforcement ratio is defined as follows:

p=(AslAy). (12)

The pushover analyses are carried out for three different (p) values (1%, 2.05%, and 3.2%) by

using 8d14mm, 8@20mm, and 8@25mm rebars, respectively. The effects of varying the (p) on
the lateral response of the column are shown in Figs. 15 and 16.
Results show that increasing the longitudinal reinforcement ratio from 1% to 3.2% for axial load
index of 0.1, 0.2, and 0.4, respectively, causes an increase in the peak lateral force by (144%,
116% and 78%) and in the flexural strength by (129%, 105% and 67%), while the ultimate drift
ratio decreased.

For the range of longitudinal reinforcement ratio that applied in the current study, it is
observed that the V,/V, ratio for the column section ranged between (0.13-0.34) which confirms
the flexure-controlled mode of failure for the adopted column configuration.

6.3 Transverse Reinforcement Ratio,p¢

Transverse reinforcement ratio, pgis preferred to describe confinement and defined as the
volume of transverse reinforcement divided by the volume of the concrete core per spacing
length. Therefore the parameter, p; is

ps = Ay I(S*b) (13)

To evaluate the effect of (pg) on the capacity curves, three different p, values are selected as
(0.0041, 0.0061 and 0.0123) within the plastic hinging region. These values are achieved by
varying ties spacing as follows:

1- For p,=0.0041 by using @8mm @ 105mm.
2- For p,=0.0061 by using @8mm @ 70 mm
3- For p,=0.0123 by using @8mm @ 35 mm

As shown in Figs. 17 and 18 the reduction of the ties spacing from 105 mm to 35 mm for
axial load index of 0.1, 0.2, and 0.4 causes an increase in the peak lateral force by 6%, 10% and
13%, respectively. On the other hand, the flexural strength increases by 16% for the reduction in
ties spacing from105 mm to 35 mm when axial load index equals 0.2.

6.4 Concrete Compressive Strength, f.

To investigate the influence of the concrete compression strength on the columns capacity, three
pushover analyses were carried out for concrete strengths of 25MPa, 38 MPa and 50 MPa to
account for this parameter in this study. All these values are within normal concrete strength
range. The other parameters are almost the same as those of the reference column in each
comparison.

Fig. 19, shows the effect of the concrete strength on base shear-drift ratio relationships when
axial load index varied 0.1, 0.2 and 0.4 (for concrete strength 25 Mpa), respectively, and p =1%,
ps=0.0061 are kept constant. Results indicated that the deformation capacities are not affected
as long as the axial load index and (p,) are kept constant; while the lateral load capacities are
increased when concrete compressive strength is increased.
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Increasing ( f; ) from 25.8 to 50 Mpa for axial load index of 0.1, 0.2, and 0.4 (related to
1 =25 Mpa) causes an increase in the peak lateral force by 19%, 14% and 12%, respectively, and
the flexural strength increased by 20% for axial load index equals 0.2 as shown in Fig. 20.

6.5 Column Aspect Ratio, L/d
The aspect ratio so-called span to depth ratio, defined as the column or the story height-to-

column depth ratio, determines the level of interaction between flexure and shear. Wan et al.,
2010 consider the aspect ratio as the key factor to describe the columns failure mode; when (L/d
<2) then shear failure dominates and for (L/ d > 4) flexural governs failure mode. For (2 < L/d <
4), failure mode is uncertain here because both flexural and shear strength demands are equal,
which is named as flexural-shear failure mode.

The selected column aspect ratios are 5.14, 3.5 and 2.8, while section details and material
properties are the same for the reference column. The influence of aspect ratio on the peak lateral
force is illustrated in Fig. 21. Results indicate that the peak lateral force increases with the
decrease of the column aspect ratio.

According to the Results, the reduction of the (L/ d) ratio for axial load index of 0.1, 0.2, and
0.4 results in increase of the peak lateral force by 160%, 166% and 178%, respectively. The
maximum V,/V, ratio for this model is (0.53) and the flexure-controlled failure mode is also
dominate here.

7. CONCLUSION
Based on the analytical investigation reported in this study, the following conclusions are
presented:-

1. Results indicated that the three dimensional finite element model used in this study was able
to capture the major performance characteristics of reinforced concrete columns under
combined axial and cyclic lateral loading by using ABAQUS/Explicit with the associated
elements and material behavior models. In addition, it was shown that the suggested model
was capable of predicting the peak lateral load with reasonable accuracy.

2. With an increase of the axial compression index, the longitudinal reinforcement ratio, and
concrete compressive strength the peak lateral force increased, whereas the peak lateral force
decreased with the increase of the aspect ratio.

3. An increase in the axial load index from 10% up to 40% causes an increase of about 60% in
the peak lateral load and 75% in maximum flexural capacity of the columns. While increasing
longitudinal reinforcement ratio from 1% up to 3.2% causes an increase of about 144% and
129% in the lateral load and flexural capacity of the columns, respectively, for axial load
index 0.1.

4. Increasing lateral confinement of concrete by transverse reinforcement at the column ends has
a considerable effect on the flexural strength of the column. Bending capacity of the column
increased by 16% when transverse reinforcement ratio increased three times by reducing ties
spacing.

5. Presence of axial compressive load improved the shear resistance capacity of the section, and
for most cases, increased the ultimate moment of the section.

6. Finally, it can be concluded that with sufficient lateral confinement by transverse
reinforcement, reinforced concrete columns can resist combination of axial and cyclically
lateral loading efficiently, such as seismic loading, especially for flexural dominated failure to
assure ductility and maintain seismic performance.
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NOMENCLATURE

A, = cross-sectional area, mm’.
As = is the area of longitudinal reinforcement, mm?.
A, = total transverse reinforcement area within spacing, mm?.
b = width of column section, mm.
d = column depth, mm.
< = modulus of elasticity of concrete

L
P
S

height of column section, mm.
applied axial load, N.
spacing of transverse reinforcement, mm.

V. = shear force carried by concrete, N.
Vmax = maximum of applied horizontal force, N.

29



Number 2 Volume 23 February 2017

Vn = nominal shear strength of columns

Vy = theoretical flexural strength of columns, N.

f. = compressive strength of concrete, Mpa.

@ = diameter of longitudinal bars, mm.

p = longitudinal reinforcement ratio, dimensionless.

ps = transverse reinforcement ratio, dimensionless.

g = strain of concrete, dimensionless.

gcu = Ultimate rupture strain of plain concrete, dimensionless.

Journal of Engineering

fu = ultimate strength of steel, Mpa.

fy = yield stress of steel, Mpa.

ou = ultimate drift ratio, dimensionless.

oy = yielding drift ratio, dimensionless.

A, = ultimate displacement at 80% of the horizontal loading position, mm.
4y = yielding displacement at 65% of the horizontal loading position, mm.

u,= displacement ductility factor, dimensionless.

Table 1. Material properties and reinforcement for column test specimen, Acun, 2010.

Specimen | Concrete | Longitudinal reinforcement Transverse reinforcement
Compressive | Yield | Ultimate | Reinforcement | Yield | Ultimate | Reinforcement
Strength Strength | Strength Ratio Strength | Strength Ratio
f fy fu p fy fu Ps
(MPa) (MPa) | (MPa) (MPa) | (MPa)
1D2 25.8 454 604 0.01 469 685 0.0061
Table 2. Element types for working models.
Element No. ABAQUS Material Type
1 C3D8R Concrete of column
2 C3D8R Steel Plates (top)
3 T3D2 Longitudinal steel reinforcement
4 T3D2 Stirrups (P8 mm)

Table 3. Concrete characteristics definition input for column model.

Material characteristics Property Parameter 1D2 specimen
DenSity - Mass Density 2400 kg/m3*
. . youngs 23.873 GPa
Elastic Isotropic Modulus
Poisson's Ratio 0.2*

* Assumed values
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Table 4. Concrete material behavior definition input for column model

Dilation Angle Tensile ft (MPa) €t
- Behavior 3.15 3.15
S 36 0 0.00132
[%2]
= Eccentricity < f ¢ (MPa) Ec
D 'S 3 0
8 be/ch % 168 0.0008
2 1.16* ;; 19.66 0.001
S Ke @ 24.17 0.0015
5 0.667* S 2538 0.00216
Viscosity Parameter | 3 21.93 0.003
18.275 0.004
0* 14.62 0.005

* Assumed values

Table 5. Damage model (CDP) parameters

Damage parameters

Compression Tension

Damage Parameter

Compression Strain

Damage Parameter

Tension Strain

0

0

0

0

0.7

0.009

0.7

0.0005

* Assumed values

Table 6. Steel material property definition input for column model.

L Parameter 1D2
Property
Density Mass Density 7850 kg/m * *

* Assumed values

Table 7. Steel material behavior definition input for column model

Material

behavior Type Parameter 1D2

Elastic Isotropic Young's Modulus 200 GPa *
Poisson's Ratio 0.3

Plastic Hardening:

Yield Stress /
Ultimate
Strength

Long. Steel bar

454/ 604 MPa

stirrups

469/685 MPa

* Assumed values
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Table 8. Parameters used in the parametric study

. Axial
Cross-section of comp)l(’:aisi o p Ps fL Aspect
* . 1
CO'“&%"" %) index f, = 454 f, =469 | (MPa) '(?E‘/té;’
(Pindex) (MPa) (MPa)
0.1 1%* 0.0041 25.8* 5.14*
350 x 350 0.2* 2% 0.0061* 38 3.5
0.4 3.2% 0.0123 50 2.8
* As experimental parameters
3
Verious types of failure
of the reinforced
concrete column
|
Fé e
Shear J Flexural t Flexural - Shear
Unformed yield of the buckling and sliding the ’
horizontal reinforcement fracture of hiase ol hc crushing of
OR diagonal tension flexural bar column the web
cracks

Figure 1. Various types of failure and expected damage of RC columns, Adolfo M.,

2006.

(A) shear failure (B) shear failure after yilding (C) flexural failure
.............................................. \
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Figure 2. Classification of failure modes of single reinforced concrete column,
Yoshikawa H., and Miyagi T., 2001.
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Figure 3. Analysis procedures, Yoshikawa H., and Miyagi T., 2001.
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Figure 6. Three dimensional column model adopted in ABAQUS
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Figure 7. Stress-strain curve for concrete used in ABAQUS model.
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Figure 8. General view of the brick element (C3D8R), ABAQUS, 2010.
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Figure 9. General view of the Truss element (T3D2), ABAQUS, 2010.
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Figure 11. Monotonic and cyclic pushover analysis for the column specimen.
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Analytical (present study) Experimental (Acun, 2010)

Figure 12. Comparison between analysis and testing stress distribution at the column base .
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Figure 13. Effect of axial load index on lateral load capacity response.
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Figure 14. Effect of axial load index on moment capacity response.
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Figure 15. Effect of longitudinal reinforcement ratio on lateral load capacity response for
different axial load indices.
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Figure 16. Effect of longitudinal reinforcement ratio on moment capacity response for different
axial load indices.
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Figure 17. Effect of transverse reinforcement ratio on lateral load capacity response for

different axial load indices.

38



@

Base Shear (kN)

) Number 2 Volume 23 February 2017 Journal of Engineering
200 -
E 160 -
= 120 4
£
Eo Axial load index=—0.2
@ 50 _ & = 0.0041
n‘é & o= 0.0061
40 — . s = 0.0123
o v v Y y y T
L1} 0.01 002 003 o.04 0.05 0.06
Drift Ratio

Figure 18. Effect of transverse reinforcement ratio on moment capacity response

(Axial load index is 0.2).
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Figure 19. Effect of concrete compressive strength on lateral load capacity response for

Figure 20.

different axial load indices.
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Figure 21. Effect of column aspect ratio on lateral load capacity response.
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