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a b s t r a c t

The inclusion of ductility requirements is necessary to guarantee the safety design of any concrete struc-
ture subjected to unexpected and/or reversal loads. It is important to outline that plastic hinges may be
developed in columns of reinforced concrete buildings, especially in column-foundation joints. The defor-
mation capacity of the column depends on its slenderness. However, few experimental tests of normal
and fibre-reinforced concrete columns in the range of medium slenderness (between 5 and 10) have been
performed for the case of cyclic loading. This paper presents an experimental research study on the
behaviour of slender columns subjected to combinations of constant axial and lateral cyclic loads. In
order to study the behaviour of this type of element fourteen experimental tests were performed. The
experimental results make it possible to calibrate numerical models, and to validate simplified methods.
The following variables are studied: slenderness, axial load level, transverse reinforcement ratio, and vol-
umetric steel-fibre ratio. The maximum load and deformation capacity of the columns are analyzed. It is
interesting to note that the deformation capacity depends on the four test variables analyzed. Moreover,
the inclusion of steel fibres into the concrete mixture increases the deformation capacity. The inclusion of
a minimum transverse reinforcement is required in order to improve the effectiveness of the steel fibres.
Thus, the column behaviour suffers moderate strength losses due to cyclic loads. Finally, slenderness
influences the deformation capacity if second-order effects are important, the cross-section displays duc-
tile behaviour, and the capacity of the materials is reached.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Structures with ductile behaviour have the capacity to absorb
and dissipate energy under accidental loads, without a significant
loss of strength. This inelastic behaviour is due to the development
of plastic hinges. The capacity of ductile structures to dissipate en-
ergy is taken into account in the seismic design of concrete struc-
tures. Nowadays, the criterion of capacity-based design (EC-8 [14],
FEMA P-750 [17]) is used in the seismic design of structures. This
criterion is based on the protection of the fragile elements and re-
gions of the structure, which are strengthened in comparison to the
ductile ones. As a result, ductile failure mechanisms can be reached
more easily. For this reason, it is necessary to guarantee that plastic
hinges are developed earlier in the beams than in the columns
(‘strong column – weak beam’). However, according to ACI 441R-
97 [3], it has been stated that hinges should appear at the ends
of the columns after an earthquake [20]. Consequently, reinforced
concrete columns have to provide an important inelastic response
without a significant decrease of strength capacity, particularly in
bridge columns or in column-foundation joints.

In order to guarantee the ductile behaviour of the columns, EC-8
[14], and ACI-318(08) [1] codes specify the transverse reinforcement
ratio to be included in critical zones where a plastic hinge could be
developed. For high levels of axial force it is necessary to include a
significant amount of transverse reinforcement. This may cause dif-
ficulties while concrete is being cast. A possible solution to this prob-
lem [29] is adding steel fibres to the concrete mixture. The combined
use of steel fibres and transverse reinforcement can reduce the
transverse reinforcement ratios required by design codes, particu-
larly in the case of seismic design. However, the expressions pro-
posed in the codes disregard the favourable effect of steel fibres
(EC-8 [14], ACI-318(08) [1]).

Several authors have studied the behaviour of fibre-reinforced
normal-strength concrete (e.g. [16,15,25]). These studies show
the typical stress-strain constitutive equations of the concrete in
compression, in which the inclusion of steel fibres represents a
minor increase in peak stress, a significant increase in the strain
corresponding to peak stress, and a substantial toughness increase.
This is reflected in an increase of the total energy the material ab-
sorbs prior to failure. Recent research (e.g. [18,4,9,28]) has shown
that the presence of steel fibres delays concrete spalling, and in-
creases the deformation capacity of concrete columns subjected
to compressive axial load, or combinations of axial load and
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constant eccentricity. Lately, several design codes (NZS 3101: Part:
2006 [31], CNR-DT 204/2006 [12], ACI-318(08) [1], EHE-08 [11],
ACI 544.4R-88 (Reapproved 2009) [2], MC-2010 [21] among oth-
ers) have included prescriptions concerning the use of fibre-rein-
forced concrete such as description of materials properties,
design procedures or detailing provisions.

There are numerous publications concerning the study of the
strength and deformation capacity of columns under cyclic loading
[8,10]. Experimental tests available are focused on reinforced con-
crete columns (without fibres) with shear slenderness (kV) below
6.5 [27]. Laboratory tests of steel-fibre concrete columns subjected
to combination of axial and lateral loads have not been reported so
far.

Second-order effects (P–D effects) have an influence on the
deformation capacity of slender columns [5], and there is also a
lack of experimental work on columns with slenderness over 6.5.
As a result, it is necessary to study the load and deformation capac-
ities of reinforced concrete slender columns subjected to constant
axial load combined with monotonic or cyclic lateral loads.

In this research work an experimental program is presented to
fill the gap existing in the literature on slender normal-strength
concrete column tests, including or excluding steel fibres, under
constant axial and cyclic loads.

In order to analyze the effect of confinement and the inclusion
of steel fibres, the variables considered in the test program are the
axial load level and the slenderness of the column. The experimen-
tal tests provide results on the general behaviour, deformation, en-
ergy dissipation, and strength capacity of the column. In addition,
the results make it possible to calibrate numerical models, and to
validate simplified methods proposed in the codes.

2. Test program

Test specimens were designed to represent two semi-columns
of two adjacent storeys connected by a central element (stub). This
can simulate the stiffening effect of an intermediate slab, or a col-
umn-foundation joint represented by the central element of the
specimen. Fig. 1 shows the geometric details of the specimens.
The length of each semi-column (Ls) is greater than the potential
length of a plastic hinge (ACI-318(08) [1], EC-8 [14]). Fig. 2 shows
cross-section details of the semi-columns. This type of specimen
has already been employed by Yamashiro and Sies [37], Priestley
and Park [30] and Barrera et al. [7] among others.

The distribution of the longitudinal reinforcement remains con-
stant along the specimen. The ratio between the mechanical con-
crete cover (distance from the centroid of the tensile bar to the
outer surface of the concrete) and the total depth of the section
is 0.15. All the stirrups were anchored with 135� bends extending
50 mm (6.25/t, where /t is the nominal diameter of the stirrup)
into the concrete core. This length satisfies the requirements of
EC-2 [13] (5/t > 50 mm) and ACI-318(08) [1] (6/t), even though
it is less than the minimum length reported in ACI-318(08) [1]

for the case of seismic actions (76 mm). Spanish code EHE-08 [11]
does not take this design detail into account.

The parameters analyzed are: (a) shear slenderness (kV = Ls/
h = M/(V � h), where h is the total depth of the cross-section, M
and V are the bending moment, and the shear load applied); (b)
the relative normal force (m = N/[b � h � fc], where N is the axial load
applied, b is the width of the cross-section, and fc is the concrete
compressive strength); (c) the confinement effectiveness of the
transverse reinforcement (a �xx, where a is the confinement
effectiveness factor, this factor takes into account the spacing
and the arrangement of the stirrups in the section, and xx is the
volumetric transverse reinforcement ratio (EC-8 [14] Sec-
tion 5.4.3.2.2)); and (d) the steel-fibre content.

In the experimental program each parameter studied ranges as
follows:

� Concrete strength (fc). A nominal strength of 30 MPa has been
chosen.
� Shear slenderness ratio (kV). Values of 5.77 and 10.71 have been

taken into account. Second-order effects cannot be neglected in
either case, and the values chosen are greater than those
reported in the literature. EC-8 [14] code can be applied to col-
umns with shear slenderness below 10. Columns with slightly
higher ratios than those reported in this code are analyzed.
� Relative normal force (m). The following three levels have been

considered: 0.10, 0.35 and 0.55. The minimum and maximum
values correspond to the limits in accordance with EHE-08
[11], EC-8 [14], and ACI-318 (08) [1]. In EC-8 [14] code it is sta-
ted that the relative normal force cannot exceed 0.65 when
designing columns with medium-ductility (DCM), and 0.55 for
the case of high-ductility (DCH). Moreover, according to EHE-
08 (Annex 10) [11], and ACI-318(08) (21.6.1) [1], the minimum
relative normal force to be considered in columns under seismic
actions is 0.10.
� Longitudinal reinforcement ratio (ql). Two similar values have

been considered: 1.44% if kV = 10.71 and 1.74% if kV = 5.77. The
objective is to compare the deformation capacity in all tests
while the other parameters remain constant.
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Fig. 1. Dimensions of test specimens (unit: mm).
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Fig. 2. Cross-section details (unit: mm).
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