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Effects of confinement reinforcement and concrete strength
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Abstract. This paper investigates the effects of confinement reinforcement and concrete strength on
nonlinear behaviour of reinforced concrete buildings (RC). For numerical application, an eleven-storey
and four bays reinforced concrete frame building is selected. Nonlinear incremental static (pushover)
analyses of the building are performed according to various concrete strengths and whether appropriate
confinement reinforcement, which defined in Turkish seismic code, exists or not at structural elements.
In nonlinear analysis, distributed plastic hinge model is used. As a result of analyses, capacity curves of
the frame building and moment-rotation curves at lower end sections of ground floor columns are
determined. These results are compared with each other according to concrete strength and whether
appropriate confinement reinforcement exists or not, respectively. According to results, it is seen that
confinement reinforcement is important factor for increasing of building capacity and decreasing
of rotations at structural elements.

Keywords: confinement reinforcement; concrete strength; distributed plastic hinge; nonlinear pushover
analysis

1. Introduction

Earthquake is one of the most devastating natural hazards and caused collapses during history.
Thousands of people dead and innumerable reinforced concrete buildings were collapsed and
damaged seriously during the recent earthquakes such as 1999 Chi-Chi earthquake in Taiwan;
1999 Kocaeli 2003 Bingol earthquakes in Turkey, 2008 Wenchuan earthquake in China and 2011
Van earthquakes in Turkey. Structural deficiencies, selection of improper structural system, poor
workmanship and insufficient quality of materials can be considered as the most important reasons
for severe damages. Also, another important reason of the damage is inappropriate confinement
reinforcement (stirrups) at structural elements. During an earthquake shear forces increase
especially at the ends of columns and beams, and beam-column joints. Confinement reinforcement
prevents damages and collapses because it increases shear strength and axial load carrying
capacity of structural elements. However, researchers indicated that inappropriate confinement
reinforcement is one of the main reasons of damages during earthquakes (Adalier and
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Fig. 1 Damage at structural elements having insufficient stirrups and low concrete quality
during Van earthquakes in 2011
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Aydingiin(2001), Sezen et al. (2003), Dogangiin (2004), Ricci (2011), Calayir et al. (2012),
Bayraktar et al. (2013), Ates et al. (2013) and Yo6n et al. (2013). In addition to confinement
reinforcement effect, concrete compressive strength is very important factor for seismic
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performance of a building. In Turkey, handmade concrete was generally used for construction of
old buildings. Also, due to lack of using vibrator during concrete casting, homogeneous mixing
had not been obtained. The current Turkish Seismic Code (TSC) requires that minimum
characteristic compressive strength of concrete should not be less than 20 MPa for buildings. Fig.
1 shows damages at structural elements arose from using of insufficient stirrups and low concrete
quality during Van earthquakes in 2011.

In this paper, the effects of confinement reinforcement and concrete strength on nonlinear
behavior of reinforced concrete buildings are investigated. Nonlinear incremental static (pushover)
analyses of a reinforced concrete frame building are performed according to concrete strength and
whether appropriate confinement reinforcement exists or not.

Static pushover analysis which shows nonlinear static behavior of buildings subjected to lateral
loads has been used in structural engineering due to its simplicity. This method is a practical
procedure for estimating the structural capacity of buildings in the post-elastic range. Capacity
curve of a building shows the relationship between the base shear force and the roof displacement.
To obtain the capacity curves, lateral forces are increased monotonically until a certain level of
deformation at the top of building is reached. (Inel and Ozmen (2006), Inel et al. (2008), Chan and
Zou (2004), Eslami and Ronagh (2012)).

In this study, distributed plastic hinge model is used for nonlinear modelling of structural
elements. Taucer et al. (1991), Petrangeli (1999), Jeong and Elnashai (2005) validated the
accuracy of this model by comparing with experimental test data. However, to validate this hinge
approach and results, experimental analysis result of full scale, four stories, three bays, 2D
reinforced concrete frame which designed according to gravity loads and a nominal lateral load of
8% of its weight was compared with numerical analysis result which obtained by using distributed
hinge approach of the building. Loading, geometric characteristics and material properties of the
experimental study are given by Pinho and Elnashai (2000), Varum (2003). Plan and elevation of
the building together with cross sections of the structural elements are presented in Fig.2 and Fig.3,
respectively.

The numerical analysis result was compared with the experimental result for top displacement
of the building. This comparison is presented in Fig.4. It is seen from this figure, numerical
analysis result of the building which is obtained by using distributed plastic hinge approach is
similar to experimental result.

This hinge model has been used by many researchers. Mwafy and Elnashai (2001) made
comparison of static pushover and dynamic collapse analysis in reinforced concrete buildings.
They used distributed plastic hinge model in their study. Dides and Llera (2005) compared
plasticity models which include fiber hinge model in dynamic analysis of buildings. Mwafy (2011)
assessed seismic design response factors of concrete wall buildings. For this study, five reference
structures with 20 to 60 stories were selected. Analyses of these structures were performed
according to distributed plastic hinge modeling. Kenneth and Kalkan (2004) assessed the seismic
deformation demands of multistory steel and concrete moment frames using non-linear procedures
based on distributed plastic hinge assumption. Duan and Hueste (2012) investigated the
earthquake behavior of a five story reinforced concrete building. The selected frame building had
been designed according to the requirements of the Chinese seismic code. Kwon and Kim (2010)
studied a reinforced concrete building which is damaged during the 2007 Pisco-Chincha
earthquake. They performed nonlinear analysis of this building by considering distributed plastic
hinge model. Hankok and Bommer (2007) investigated inelastic structural response using spectral
matched records. Kadid et al. (2010) assessed behavior of reinforced concrete buildings under
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simultaneous ground motions considering distributed plastic hinge model. Thomos and Trezos
(2006) generated a methodology to obtain pushover curves of reinforced concrete frames, taking
into account the randomness of the basic variables. Sarno and Manfredi (2010) performed
pushover and dynamic response history analyses for both constructed and retrofitted structures to
investigate the efficiency of buckling restrained braces. Yon and Calayir (2013) performed
pushover analysis of a reinforced concrete building using lumped and distributed plastic hinge
models together with various lateral load patterns. Carvalho et al. (2013) made a comparison of
various hinge model approaches by performing nonlinear static and dynamic analysis of a
reinforced concrete building.

2. Distributed plastic hinge model

The distributed plastic hinge model accounts distributed plasticity along structural element. In
this model, the structural element is divided in three types of fibers: some fibers are used for
modeling of longitudinal steel reinforcing bars; some of fibers are used to define nonlinear
behavior of confined concrete which consists of core concrete; and other fibers are defined for
unconfined concrete which includes cover concrete. For each fiber, the stress/strain field is

determined by using o —& constitutive laws according to defined materials. Figs. 5 and 6 show

distributed hinge modeling of a RC beam and typical distributed hinge model section of a RC
element, respectively.

Fig. 5 Distributed hinge modeling of a reinforced concrete beam (adopted from
SeismoStruct V6)

Unconfined Confined

RC element concrete fibers concrete fibers Steel fibers
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3 o — + + - .
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Fig. 6 Typical distributed hinge model of a RC element section
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3. Numerical application

In this study, the effects of confinement reinforcement and concrete strength on nonlinear
behaviour of reinforced concrete buildings are investigated. Nonlinear incremental static
(pushover) analyses of a selected building are performed according to concrete strength and
whether appropriate confinement reinforcement, exists or not in structural elements. An eleven-
storey and four bays RC frame building is selected for numerical application. The total building
height is 34.0 m and height of thelst storey is 4.0 m while the upper ones are 3.0 m. The first and
last bays are 6.0 m and the second and third bays are 5.0 m. Also, it is assumed that, the selected
building is located in high seismic intensity region (seismic zone 1 according to TSC) and has
building importance coefficient of 1.0. In the seismic zone map of Turkey, the first seismic zone
has 0.4g peak ground acceleration. To calculate the element forces and the stress—strain
relationship for monitoring each section four Gauss integration points are selected. The elevation
view of the building and typical element details are shown in Fig. 7.

Structural elements of the building are designed with appropriate and inappropriate
confinement reinforcement according to TSC. Static pushover analyses of the building are
performed by considering various concrete compressive strengths, which are C20, C25, C30 and
C35. Distributed hinge model is used for nonlinear modelling of the structural elements. Capacity
curves of the building and moment-rotation curves at lower end of ground floor columns are
evaluated according to appropriate and inappropriate confinement reinforcement states and
concrete strengths. SeismoStruct program, which can simulate the inelastic response of structural
systems subjected to static and dynamic loads, are used for nonlinear analysis.

The current seismic codes include some requirements related to transverse reinforcement to
provide confinement effect. According to TSC, these requirements for column and beam elements
are given in Figs. 8 and 9, respectively (Dogangiin 2013). In Fig. 8, h and b show large and
small dimensions of column section, respectively. L, is clear height of column, [. confinement
zone length, s, spacing of transverse reinforcements in confinement zone of column and s,
spacing of transverse reinforcements in central zone of column.

In Fig. 9, hiandd indicate height and effective height of beam section, respectively.ly is
confinement zone length, @,,,;,minimum longitudinal rebar diameter, @,,,,maximum longitudinal
rebar diameters; spacing of transverse reinforcements in confinement zone of beam, ands,
spacing of transverse reinforcements in central zone of beam. Also V,; shows design shear force
and V. defines shear cracking resistance. Confinement parameters of the selected building are
illustrated in Table 1. In this table S420 shows steel class where steel yield strength is 420 MPa.

Material models for steel and concrete are shown in Fig. 10. The bilinear elastic—plastic
material model with kinematic strain-hardening is used for the steel. The concrete material is
defined by the uniaxial confinement concrete model.

The confinement effect is taken into consideration using the Mander concrete model (Mander et
al. 1988). Confinement factor which obtained by depending on concrete strength and whether
appropriate confinement reinforcement exists or not are given in Table 2 for the structural
elements. This factor which depends on the transverse and longitudinal reinforcement, concrete
strength, and member dimensions shows the ratio of the confined concrete compressive strength to
the unconfined concrete compressive strength.

Capacity curves of the building which are obtained according to appropriate and inappropriate
confinement reinforcement with respect to TSC at structural elements for different concrete
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Table 1 Confinement parameters of the selected building

Transverse Transverse
. . reinforcement .
reinforcement spacing spacing (cm) Length of confinement
(cm) (ing rogriate to zone (cm)
(appropriate to TSC) pQI_SFé)
Confinement zone of column 10 20 70
Central zone of column 15 20
Longitudinal reinforcement of 160 20
column
Confinement zone of beam 10 25 120
Central zone of beam 20 25
Longitudinal reinforcement of
beam (exterior/interior) 60 14/50 14
Web reinforcement 2x20 12
Diameter of Transverse
reinforcement/reinforcement p8/5420
Stress AStress
uE
Oy
fc
E
»>
Strain
>
or
I Strain
a) Steel b) Concrete

Fig. 10 Material models for steel and concrete
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Table 2 Confinement factors for the structural elements

Column dimension (cm) Beam dimension (cm)
70/70 30/60
Concrete Confinement zone Central zone Confinement zone
Central zone of beam
Type of column of column of beam
Confinement ~ Confinement  Confinement ~ Confinement  Confinement  Confinement ~ Confinement  Confinement
compatible incompatible compatible incompatible compatible incompatible compatible incompatible
with TSC with TSC with TSC with TSC with TSC with TSC with TSC with TSC

C20 1.3657 1.0531 1.2387 1.0531 1.1769 1.0279 1.0592 1.0279
C25 1.2925 1.0387 1.1872 1.0387 1.1400 1.0216 1.0452 1.0216
C30 1.2593 1.0301 1.1604 1.0301 1.1187 1.0176 1.0367 1.0176
C35 1.2204 1.0245 1.1452 1.0245 1.1045 1.0149 1.0309 1.0149
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Fig. 11 Capacity curves of the building, in which structural elements have appropriate
confinement reinforcement, for different concrete compressive strengths
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Fig. 12 Capacity curves of the building, in which structural elements have inappropriate
confinement reinforcement, for different concrete compressive strengths
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Fig. 20 Moment-rotation curves of lower end of ground floor columns named as S111a, S211a,
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compressive strengths are shown in Figs.11-12, respectively. For these curves, the base shear is
normalized with respect to the total seismic weight of the frame. The building drift BD is defined
as the roof displacement Aznormalized with respect to the total height of the frame H (BD =
Ar/H).

It is seen that from Figs.11 and 12, increasing of concrete compressive strength increases the
building capacity. Increasing of the building capacity depending on concrete compressive strength
for appropriate confinement reinforcement case is clearer than that of inappropriate confinement
reinforcement case. However, in case of inappropriate confinement reinforcement, capacity curves
of the building for all concrete class suddenly decrease after the base shear reaches to maximum
value. Figs.13,14,15 and 16 show comparison of capacity curves of the building which has
appropriate and inappropriate confinement reinforcement for concrete compressive strengths of 20,
25, 30, 35 MPa, respectively. It is seen from these figures that capacity curves are similar up to
approximately 1.5% roof displacement for all concrete strengths. However, after this displacement
level, capacity curves of the building are suddenly decreased, due to the building which has
inappropriate confinement reinforcement shows non-ductile behavior.

Moment-rotation curves of lower end of ground floor columns which is named as S111a,
S211a, S311a, S411a and S511a (see Fig. 7)for the selected building are shown in Figs. 17-20 at
the same roof displacement case. These curves are drawn according to appropriate and
inappropriate confinement reinforcement cases for different concrete compressive strengths.

As seen from Figs. 17-20, rotations at the ends of the columns having inappropriate
confinement reinforcement are larger than those of the columns having appropriate confinement
reinforcement for the same roof displacement case. Although increasing of rotation, post-elastic
moments at the end of the columns having appropriate confinement reinforcement almost
unchanged. However, the moments at the end of the columns which have inappropriate
confinement reinforcement fall down suddenly with the increase in rotation, expect that of column
Sllla.

Figs.21-23 shows variations of moment-rotation curves with concrete compressive strength for
the lower ends of columns (S311a, S411a and S511a) of the building in which structural elements
have appropriate confinement reinforcement. As seen these figures, occurred rotations are close to
each other. However, the moment values increase a little amount depending on increasing of
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concrete compressive strength. Figs. 24-26 shows variation of moment-rotation curves of the same
column ends for inappropriate confinement reinforcement according to concrete compressive
strength. It is seen from these figures, increasing of concrete compressive strength enhances
moment value at the same rotation until maximum moment. However, the moment falls down
suddenly after exceeding this point. Increasing of concrete compressive strength causes more
decrease at these moments in case of inappropriate confinement reinforcement.

4. Conclusions

In this study, effects of confinement reinforcement and concrete strength on behaviour of
reinforced concrete buildings are investigated. A reinforced concrete frame building which has
eleven-story and four bays is selected for numerical application. Nonlinear incremental static
(pushover) analyses of the building are performed according to various concrete strengths and
whether appropriate confinement reinforcement which defined in Turkish seismic code, exists or
not at structural elements. In the nonlinear analysis, distributed plastic hinge model is used. As a
result of analysis, capacity curves of the building and moment-rotation curves at lower end
sections of ground floor columns are determined. These results are compared with each other by
depending on concrete strength and whether appropriate confinement reinforcement exists or not,
respectively.

° It is seen from the results that increasing of concrete strength enhances the building
capacity for appropriate and inappropriate confinement reinforcement cases. However, the
capacity curves are similar up to approximately 1.5% roof displacement for various concrete
strengths. Also, after this displacement level, capacity curves of the building which have
inappropriate confinement reinforcement are decreased, suddenly.

° Rotations at the ends of the columns which have inappropriate confinement
reinforcement are larger than those of the columns with appropriate confinement reinforcement for
the same roof displacement case. Generally, although increasing of rotation, post-elastic moments
at the end of the columns having appropriate confinement reinforcement almost unchanged.
However, for inappropriate confinement case, they fall down suddenly with the increase in
rotation.

. The columns’ ends moments increase a little amount by depending on increasing of
concrete compressive strength for appropriate and inappropriate confinement reinforcement cases.
Increasing of concrete compressive strength increases moment value at the same rotation until
reaching up to maximum moment. However, the moment falls down suddenly after exceeding this
point for inappropriate confinement reinforcement case. Increasing of concrete compressive
strength causes more decrease at these moments.

In the case of appropriate confinement reinforcement, the moment values increase a little with
increasing of concrete compressive strength.

These results show that, confinement reinforcement is important factor for increasing of
building capacity and decreasing of rotations at structural elements.
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