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ABSTRACT
Before the modern principles of earthquake engineering for reinforced concrete (RC) structures were
established, the confinement of the concrete core and prevention of buckling of the longitudinal
reinforcement were often inadequately considered or even neglected. Thus, in older existing structures
the drift capacity of the columns is typically significantly reduced. This is particularly the case in
columns with high levels of axial forces, where buckling of longitudinal reinforcement govern the post
yield behaviour of a RC members. The objective of this research is to thoroughly investigate the cyclic
response of longitudinal reinforcing bars, when buckling phenomena is significant.
The numerical modelling of buckling of the longitudinal bars using detailed FEM models is
presented. A buckling of individual bar between two successive stirrups was analysed. Two types of
models, using finite element analysis software ABAQUS, were researched and compared: a) a
simplified model, which consists of beam finite elements, and b) more detailed model which includes
continuum finite elements. Initial geometric imperfection was considered and the optimum mesh
density for cyclic loading was determined. Numerical simulations taking into account isotropic or
kinematic hardening are compared with experimental data reported by Monti and Nuti (1992).
Findings from this study provide a basis for further detailed research of the seismic response of
columns in existing bridges that were designed before the modern standards were established.

INTRODUCTION
In older concrete bridges, built before the modern principles of seismic engineering were established,
the lateral reinforcement in columns was usually designed considering only the shear demand.
Confinement of the concrete core and prevention of buckling of the longitudinal reinforcement were
often inadequately considered or even neglected. When these critical features are not properly taken
into account, the ductility capacity of the columns can be significantly reduced and premature brittle
failure can be obtained. Recently, several advanced steel material models have been developed
(Kunnath et al. 2009, Zong 2010) in order to consider the buckling of reinforcing bars. They are
typically used in fiber-based models at locations where inelastic behaviour of columns is expected.
However, these models are not widely accepted
Most of the important parameters that have a significant influence on the buckling of the bar
have been already identified by different studies, presented in the literature. They are: the slenderness
1

Postgraduate student, Slovenian National Building and Civil Engineering Institute, Ljubljana, Slovenia,
andrej.anzlin@zag.si
2
Professor, Faculty of Civil and Geodetic Engineering, University of Ljubljana, Slovenia,
tatjana.isakovic@fgg.uni-lj.si
3
Associate Professor, Gebze Institute of Technology, Turkey, fahjan@gyte.edu.tr

1

ratio L/D (length over bar diameter), initial imperfection ratio e/L (initial imperfection over the bar
length), yield and ultimate strength. They are also considered in the study, presented in the paper. The
analytical studies were performed considering the experimental cyclic tests found in the literature.
They are only few. Kashani et al. (2013) reported that a symmetric hysteretic response with a
kinematic hardening for the bar of L/D = 5 can be expected. Monti and Nuti (1992) experimentally
identified an expansion of the hysteretic cycles (isotropic hardening) for bars with L/D = 5. For higher
slenderness ratios (for L/D = 8 and 11) a contraction of the hysteretic cycles was observed (isotropic
softening). Thus their numerical model incorporated both ways of hardening. Zong (2010) assumed
kinematic hardening for 3-D finite element simulations of monotonic bar buckling. This indicates that
some inconsistency is present among these studies since the hardening phenomena is described in a
quite different way. In this paper the influence of different hardening rules on cyclic response of
buckled bar with various slenderness ratios is investigated and tested using two numerical models.

NUMERICAL MODELING
Study of the bar buckling includes features such as large deformations and high nonlinearity
simulations. Finite element (FE) software Abaqus/Standard (ABAQUS 2010) was used in this study.
A buckling of individual bar between two successive stirrups was analysed. Two types of models were
considered and compared: a) a simplified model, which consists of linear beam finite elements (Figure
1), and b) more detailed model which includes continuum finite elements (Figure 2).

Figure 1: Simplified model using beam FE with rendered profile

Figure 2: Detailed model using continuum FE
A suitable definition of mean stress and strain was necessary to capture the full buckling
behaviour. Average strain was defined as the shortening of the bar D divided by the length of the bar L
(Figure 3). This definition also coincides with the measurement instrumentation technique adopted in
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experimental studies. The average stress was defined as the force on the top of the examined bar F
divided by the area of bar A.

Figure 3: Average stress-strain definition
Buckling is usually initiated by lateral disturbance or initial imperfection. Zong (2010) has
shown that a small imperfection helps to obtain stable results in both elastic and inelastic buckling
when monotonic loading was considered. A small geometric imperfection 0.1 % of the model length
was a default value utilized in all simulations to get stable and meaningful average stress-strain curves.
The steel material used for both numerical models was simple bilinear model. Two types of
hardening models were investigated, i.e. isotropic and linear kinematic. The latter model describes the
translation of the Misses yield surface in stress space through linear Ziegler hardening law. This yields
constant kinematic hardening moduls. The isotropic hardening model defines the evolution of the
Misses yield surface as a function of the equivalent plastic strain. Plasticity data for both hardening
models were defined with true stress and true strain (Table 1). The elastic modulus of 209 GPa and
Poisson's ratio of 0.3 was assumed. These properties are based on the experimental tests performed by
Monti and Nuti (1989). The diameter of the bar was 24 mm and the length of the bar was associated
with the investigated slenderness ratio L/D.
Table 1: Nominal (nom) and true steel material properties

 nom  MPa 

 nom

 true  MPa 

 true

 plastic

505
758

0.0024
0.1600

505
879

0.0024
0.1484

0.0000
0.1442



Simplified model with beam FE
First, three dimensional elements, based on Timoshenko beam theory with first order of
interpolation (B31) was used to model nonlinear buckling of longitudinal bars. The bottom node of the
bar was fixed while the top node of the bar had only one release in the axial direction, where
displacement was imposed.


Detailed model with continuum FE
Secondly, an 8-node brick element, with reduced integration and hourglass control (C3D8R)
was used to model nonlinear buckling of longitudinal bar. All nodes at the both ends of the bar (Figure
4) were fixed in all six degrees of freedom. Releases in the axial direction were applied on all top
nodes of the bar. In the same degree of freedom displacement control was imposed to obtain the
buckling response of the bar.

Figure 4: Geometry of the nodes in the detailed model across cross-section


Mesh refinement
To find the size of the mesh that would give satisfactory results at a reasonable computation
time, the sensitivity of mesh refinement was performed. All mesh performance was observed for a bar
with slenderness ratio of L/D=12. Isotropic hardening and the same material properties were
considered as presented in Table 1. Cyclic loading was imposed on both numerical models, i.e.
simplified and detailed. The results of mesh sensitivity analysis presented in Figure 5 and 6. It was
concluded that 12 and 24 finite elements (FE) along the length the bar give satisfactory performance
for simplified and detailed model respectively.

Figure 5: Mesh sensitivity of simplified model for cyclic loading
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Figure 6: Mesh sensitivity of detailed model for cyclic loading

VALIDATION OF NUMERICAL MODELS
In order to verify the performance of simplified and detailed model, the avarage stress-strain relations
for different slenderness ratios L/D (5, 8 and 11) were calculated and compared with experimental
cyclic tests performed by Monti and Nuti (1992). All validations were made for both isotropic and
linear kinematic hardening.


Slenderness ratio L/D = 5
Simplified model exhibited good performance compared to detailed model for isotropic
(Figure 7a) and kinematic (Figure 7b) hardening. The latter hardening exhibited better performance
when compared with cyclic experimental results.

(a)

(b)

Figure 7: Average cyclic stress-strain response of simplified and detailed model with L/D = 5
compared with experimental results by Monti and Nuti (1992) considering isotropic (a) or kinematic
(b) hardening



Slenderness ratio L/D = 8
Increased slenderness ratio L/D resulted in the nonlinear buckling of the bar. This was
identified in the average stress-strain curve, since the envelope of the cyclic response in compression
zone formed on a lower level than in tension. This aspect is evident on Figure 8 for both types of
hardening and numerical models. Again, the simplified model exhibited satisfactory performance for
both hardening models when compared with detailed model. The isotropic hardening overestimated,
while the kinematic hardening underestimated the cyclic response of the examined bar.

(a)

(b)

Figure 8: Average cyclic stress-strain response of simplified and detailed model with L/D = 8
compared with experimental results by Monti and Nuti (1992) considering isotropic (a) or kinematic
(b) hardening


Slenderness ratio L/D = 11
The best performance of the simplified model compared with the detailed model was
identified for the highest investigated slenderness level. Improvement of cyclic response for both
hardening models was identified. Isotropic hardening showed better performance when compared with
kinematic hardening (Figure 9).

(a)

(b)

Figure 9: Average cyclic stress-strain response of simplified and detailed model with L/D = 11
compared with experimental results by Monti and Nuti (1992) considering isotropic (a) or kinematic
(b) hardening
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YIELDING AREA
The active yielding parameter (AC YIELD) defines the yielding state of the material. Value
equal to 1 (red color) denotes the yielding of the material, while 0 denotes elastic deformations (blue
color). On Figure 10a yielding area of the detailed model with isotropic hardening is displayed after
the last compression displacement was imposed. A uniform distribution of the yielding area along the
whole bar is noticed. The deformation shape of the compressed bar with the same slenderness ratio is
in good agreement with the experimental test (Figure 10b) performed by Kashani et al. (2013).

(a)

(b)

Figure 10: Active yielding area along the detailed model with slenderness ratio of L/D = 5 with
isotropic hardening (a) and example of experimental deformation shape (b) of the bar with the same
level of slenderness ratio (Kashani et al., 2013)
The same parameter was reviewed for a bar with higher slenderness ratio (L/D = 11). The
typical buckling mechanism is evident in Figure 11a. At the top, bottom and in the middle local zone
of the bar the plastic hinges begin to develop. Thus the dissipation of energy conducted only locally on
three areas along the length of the bar. When isotropic hardening model was considered, the increased
yield surface did not have such a big influence on an average stress-strain response as is in the case for
a bar with lower slenderness ratio. Consequently the cyclic response of the bars with lower L/D ratio
was overestimated. The deformation shape of a detailed model was in good agreement with
experimental observations made by Giamundo et al. (2012).

(a)

(b)

Figure 11: Active yielding area along the detailed model with slenderness ratio of L/D = 11 with
isotropic hardening (a) and experimental deformation shape of a reinforcement in reinforced concrete
column (Giamundo et al., 2012)


ENERGY DISSIPATION
A special attention has been devoted to the dissipation of the plastic energy. The positive (+)
and negative (-) cycle present the amount of plastic energy dissipated during half of the cycle when
tension and compression average strain was achieved respectively. In Figure 12 the plastic energy
calculated for L/D = 5 with different numerical models (simplified or detailed model with isotropic or
kinematic hardening) is compared taking into account three consecutive positive and negative cycles.
The energy is equally dissipated in negative and positive cycle. This is reasonable since for the bar
with L/D = 5 no buckling was noticed. The negligible reduction of dissipated energy was only
observed in the third negative cycle. There were no considerable differences between simplified and
detailed model. In the case of isotropic hardening higher level of energy dissipation was observed. The
imposed displacement resulted in the enhancement of yielding in each cycle. Thus the resistance of the
bar was much higher than in the case of kinematic hardening. Consequently, more energy was
required to impose the same displacement on examined bar.

Figure 12: Plastic dissipation of single bar with L/D = 5 for all positive and negative loading cycles;
Comparison of different numerical and hardening models
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When the slenderness ratio was increased the difference in the amount of energy dissipated
within positive and negative cycles was also increased. Anyway, the first cycle is exception, since
nearly the same amount of energy is dissipated between the tension and compression cycle. This is
reasonable, since at first in tension only elastic energy is dissipated. The difference of dissipated
energy between hardening models was smaller. The active yielding area showed that the presence of
plastic deformations on a buckled bar can be found only locally. Thus the increased yield stress of
steel was present only on these areas. This resulted in reduced amount of dissipated energy to achieve
demanded displacement.

Figure 13: Plastic dissipation of single bar with L/D = 11 for each positive and negative loading cycle;
Comparison of different numerical and hardening models

CONCLUSIONS
Simplified beam FE and detailed continuum FE numerical models were used, to investigate the cyclic
response of single reinforcing bar with different slenderness ratios, subjected to cyclic load. The good
performance of both numerical models was achieved if 12 and 24 finite elements were used along the
length of a single bar for simplified and detailed model, respectively. All parameters that have
important influence to the buckling of the reinforcing bars were included into the study (slenderness
ratio and hardening rules). Three different slandering ratios and two hardening rules were analysed.
The used numerical models were more efficient in the case of more slender bars. Using these
models the uniform yielding area was observed along the whole length of bars with low slenderness
ratio (L/D=5). When this ratio was increased the yielding area was reduced to three localized zones,
where plastic dissipation occurred. Therefore in the case of isotropic hardening the increase of the
average yielding level is lower in more slender bars.
Nearly equal amount of dissipated plastic energy was obtained with both numerical models.
Isotropic hardening resulted in higher energy dissipation compared to kinematic hardening. This
difference was reduced when the slenderness ratio was increased.
Conservative results for bars with lower slenderness levels were obtained in the case of
kinematic hardening. When the slenderness level was increased the efficiency of the numerical model
was somewhat improved. In the case of isotropic hardening the results were unconservative,
particularly for more stocky bars.
In all analysed cases similar results were obtained by simplified and detailed numerical
models. However, they should be improved since some discrepancies with experimental results were
observed. The propagation of cracking due to the fatigue and its influence to the buckling of the bar
should be taken into account in the future studies. This can be achieved using more complex material
models and combined nonlinear isotropic and kinematic hardening.

The results of the presented study will be used in research of the seismic response of columns
in existing bridges that were designed according to older standards, which did not include the modern
principles of seismic engineering.
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