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ABSTRACT: Moment resisting frames are commonly used
as the dominant mode of lateral resisting system in seismic
regionsfor a long time. The poor performance of Ordinary
MomentResisting Frame (OMRF) in past earthquakes
suggested special design and detailing to warrant a ductile
behavior in seismic zones of high earthquake (zone 111, IV
& V). Thuswhen a large earthquake occurs, Special
Moment ResistingFrame (SMRF) which is specially
detailed with a responsereduction factor, R = 5 is expected
to have superior ductility. The response reduction factor of
5 in SMRF reduces the design base shear and in such a
case these building rely greatly on their ductile
performance. To ensure ductile performance, this type of
frames shall be detailed in a special manner recommended
by IS 13920. The objective of the present study is to
evaluate the R factors of these frames from their nonlinear
base shear versus roof displacement curves (pushover
curves) and to check its adequacy compared to code
recommended R value. The accurate estimation of strength
and displacement capacityof nonlinear pushover curves
requires the confinement modelling of concrete as per an
accepted confinement model. A review of various concrete
confinement models iscarried out to select appropriate
concrete confinement model. It is found that modified Kent
and Park model is anappropriate model and it is
incorporated in the modelling ofnonlinearity in concrete
sections. The frames with number of storeys 2, 4, 8, and 12
(with four bays) are designed anddetailed as SMRF and
OMREF as per IS 1893 (2002). The pushover curves of each
SMRF and OMRF frames are generated and converted to a
bilinear format to calculate the behaviour factors. The
response reduction factors obtained show in general that
both the OMRF and SMRF frames, failed to achieve the
respective target values of response reduction factors
recommended by IS 1893 (2002) marginally. The
components of response reduction factorssuch as over-
strength and ductility factors also evaluated forall the
SMRF and OMRF frames. It was also found that shorter
frames exhibit higher R factors and as the height ofthe
frames increases the R factors decreases.

Keywords: OMRF, SMRF, Response Reduction Factor,
Pushover, Ductility, Confinement Models.

I. INTRODUCTION
Column shear failure has been identified as the frequently
mentioned cause of concrete structure failure and downfall
during the past earthquakes. In the earthquake resistant
design of reinforced concrete sections of buildings, the

plastic hinge regions should be strictly detailed for ductility
in order to make sure that severe ground shaking during
earthquakes will not cause collapse of the structure. The
most important design consideration for ductility in plastic
hinge regions of reinforced concrete columns is the provision
of adequate transverse reinforcement in the form of spirals or
circular hoops or of rectangular arrangements of steel. The
cover concrete will be unconfined and will eventually
become ineffective after the compressive strength is attained,
but the core concrete will continue to carry stress at high
strains. Transverse reinforcements which are mainly
provided for resisting shear force, helps in confining the core
concrete and prevents buckling of the longitudinal bars. The
core concrete which remains confined by the transverse
reinforcement is not permitted to dilate in the transverse
direction, thereby helps in the enhancement of its peak
strength and ultimate strain capacities. Thus confinement of
concrete by suitable arrangements of transverse
reinforcement results in a significant increase in both the
strength and the ductility of compressed concrete. Confining
reinforcements are mainly provided at the column and beam
ends and beam-column joints. The hoops should enclose the
whole cross section excluding the cover concrete and must
be closed by 135° hooks embedded in the core concrete, this
prevents opening of the hoops if spalling of the cover
concrete occurs. Seismic codes recommend the use of
closely spaced transverse reinforcement in-order to confine
the concrete and prevent buckling of longitudinal
reinforcement.

Ductile response demands that elements yield in flexure and
shear failure has to be prevented. Shear failure in columns, is
relatively brittle and can lead to immediate loss of lateral
strength and stiffness. To attain a ductile nature, special
design and detailing of the RC sections is required. IS 13920
recommends certain standards for the provision of confining
reinforcements for beams and columns. The code suggests
that the primary step is to identify the regions of yielding,
design those sections for adequate moment capacity, and
then estimate design shears founded on equilibrium
supposing the flexural yielding sections improve credible
moment strengths. The probable moment capacity is
considered using methods that give a higher estimate of the
moment strength of the planned cross section. Transverse
reinforcement provision given in IS 13920 is given in
Figures.
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Figurel.2Transverse Reinforcement in columns (Reference:
IS 13920(2002))
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Figurel.3 Shear Reinforcement in beams (Reference: IS
13920(2002))

Il. SPECIAL AND ORDNARY MOMENT RESISTING

FRAMES (SMRF AND OMRF)
According to Indian standards moment resisting frames are
classified as Ordinary Moment Resisting Frames (OMRF)
and Special Moment Resisting Frames (SMRF) with
response reduction factors 3 and 5 respectively. Another
main difference is the provision of ductile detailing according
to 1S 13920 as explained in Section 1.1 for the SMRF
structures. The differences between these two are given in
Table 1

It 1s not safe to design a structure
Tt is safe to design a structure with
without ductile detailing.
ductile detailing

Table 2.1 Differences between SMRF and OMRF

2.1 SMRF and OMRF:

IS 1893 (Part 1), 2002.Criteria for earthquake resistant
design of structures Part 1 General provisions and buildings,
Bureau of Indian Standards (BIS) classifies RC frame
buildings into two classes, Ordinary Moment Resisting
Frames (OMRF) and Special Moment Resisting Frames
(SMRF) with response reduction factors 3 and 5
respectively. Response Reduction Factor (R) is the factor by
which the actual base shears that would be generated if the
structure were to remain elastic during its response to the
Design Basis Earthquake (DBE) shaking, shall be reduced to
obtain the design lateral force. ACI 318: Building code
requirements for reinforced concrete and commentary,
published by American Concrete Institute. ASCE 7 classifies
RC frame buildings into three ductility classes: Ordinary
Moment Resisting Frame (OMRF), Intermediate Moment
Resisting Frames (IMRF) and Special Moment Resisting
Frames (SMRF) and corresponding reduction factors are 3, 5
and 8, respectively. Euro-code 8: Design of structures for
earthquake resistance - Part 1: General rules, seismic actions
and rules for buildings, European Committee for
Standardization, aims to ensure the protection of life during a
major earthquake simultaneously with the restriction of
damages during more frequent earthquakes. Euro-code 8 (EN
1998-1) classifies the building ductility as Ductility Class
low (DCL) that does not require delayed ductility and the
resistance to seismic loading is achieved through the capacity
of the structure and reduction factor q = 1.5, Ductility Class
Medium (DCM) that allows high levels of ductility and there
are responsive design demands with reduction factor 1.5 <q
<4 and Ductility Class High (DCH) that allows even higher
levels of ductility. Uma and Jain (2006) conducted a critical
review of recommendations of well-established codes
regarding design and detailing aspects of beam column
joints. The codes of practice considered are ACI 318M-02,
NZS 3101: Part 1:1995 and the Euro-code 8 of EN 1998-
1:2003. It was observed that ACI 318M-02 requires smaller
column depth as compared to the other two codes based on
the anchorage conditions. NZS 3101:1995 and EN 1998-
1:2003 consider the shear stress level to obtain the required
stirrup reinforcement whereas ACI 318M-02 provides stirrup
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reinforcement to retain the axial load capacity of column by
confinement. ACI requires transverse reinforcement in
proportion to the strength of the concrete whereas NZS sets
limits based on the level of nominal shear stress that is
experienced by the joint core. EN provides shear
reinforcement to confine the joint and to bring down the
maximum tensile stress to design value. NZS and EN codes
emphasize on provision of 1350 hook.

2.2 Ductility:

V. Gioncu (2000) performed the review for ductility related
to seismic response of framed structures. The required
ductility was determined at the level of full structure
behaviour, while the available ductility was obtained as local
behaviour of node (joint panel, connections or member ends).
The checking for ductility of columns is generally a difficult
operation. For SMRF structures, the column sections are
enlarged to achieve a global mechanism. This over-strength
of the column may reduce the available ductility of columns.
At the middle frame height a drastic reduction of available
ductility was observed. Since the required ductility is
maximum at this height, the collapse of the building may
occur due to lack of sufficient ductility. This was commonly
observed during the Kobe earthquake, where many building
were damaged on the storeys situated at the middle height of
structure. It was observed that the factors regarding seismic
actions, such as velocity and cycling loading, reduce the
available ductility. Sungjin et al. (2004) studied different
factors affecting ductility. Evaluation of the distortion
capacity of RC columns is very important in performance-
based seismic design. The deformation capacity of columns
is generally being expressed in numerous ways which are
curvature ductility, displacement ductility or drift. The
influence of concrete strength, longitudinal reinforcement
ratio, volumetric ratio of confining reinforcement, shear
span-to-depth ratio and axial load on various ductility factors
were evaluated and discussed.

q“\- ,ﬂib 1:"

Figure 2.1 Story mechanism Intermediate mechanism Beam
mechanism (Reference: Moehle et al., 2008)
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Figure2.2 Hoop and stirrup location and spacing
requirements.
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2.3 Response Reduction Factor:

Mondal et al. (2013) conducted a study to find R for
reinforced concrete regular frame assemblies designed and
detailed as per Indian standards IS 456, IS 1893 and
1S13920. Most seismic design codes today comprise the
nonlinear response of a structure obliquely through a
‘response reduction/modification factor’ (R). This factor
permits a designer to use a linear elastic force-based design
while accounting for nonlinear behaviour and deformation
limits. This research was aimed on the estimation of the
actual values of this factor for RC moment frame buildings
designed and detailed as per Indian standards for seismic and
RC designs and for ductile detailing, and comparing these
values with the value given in the design code. Values of R
were found for four designs at the two performance levels.
The results showed that the Indian standard suggests a higher
value of R, which is potentially hazardous. Since Indian
standard IS 1893 does not provide any clear definition of
limit state, the Structural Stability performance level of
ATC-40 was used here, both at the structure level and at the
member levels. In addition to this, actual member plastic
rotation capacities, were also calculated. Priestley
recommended an ultimate concrete compression strain for
unconfined concrete = 0.005. The ultimate compressive
strain of concrete confined by transverse reinforcements as
defined in ATC-40 was taken in this work to obtain the
moment characteristics of plastic hinge segments. In order to
prevent the buckling of longitudinal reinforcement bars in
between two successive transverse reinforcement hoops, the
limiting value of ultimate strain was limited to 0.02. Suitable
modelling of the preliminary stiffness of RC beams and
columns is one of the important aspects in the performance
evaluation of reinforced concrete frames. Two performance
limits (PL1 and PL2) were considered for the estimation of R
for the study frames. The first one resembled to the
Structural Stability limit state defined in ATC-40. This limit
state is well-defined both at the storey level and at the
member level. The second limit state was based on plastic
hinge rotation capacities that were found for each individual
member depending on its cross-section geometry. The global
performance limit for PL1 was demarcated by a maximum
inter-storey drift ratio of 0.33Vi/Pi. The R values attained
were ranging from 4.23 to 4.96 for the four frames that were
considered, and were all lesser than specified value of R (=
5.0) for SMRF frames in the IS 1893. The taller frames
exhibited lower R values. Component wise, the shorter
frames (two-storey and four-storey) had more over-strength
and Rs, but slightly less ductility and Ry compared to the
taller frames. According to Performance Limit 1 (ATC-40
limits on inter-storey drift ratio and member rotation
capacity), it was found that the Indian standard overestimates
the R factor, which leads to the potentially dangerous
underestimation of the design base shear. Based on
Performance Limit 2 the IS 1893 recommendation was found
to be on the conservative side.

I1l. COMPARISON OF STRESS-STRAIN CURVES FOR
THE DESIGNED SECTIONS
The stress-strain curve of concrete depends on the amount of
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confinement. In order to show the comparison of stress-strain
curve using various models, the RC sections of the building
frames discussed in the previous section are considered. The
parameter for strength enhancement as per the two
confinement models are calculated for each sections and
tabulated in the table 3.6. The values of stress strain data are
calculated using the strength enhancement parameter as per
various confinement models discussed in the above section
for selected RC sections. The obtained stress-strain curves
are plotted in the Figure.

B
)

Figure 3.1 Comparison of stress-strain curves using two
confinement models (Razvi and Modified Kent models) for
the RC section 400C-2S4B-SM (K1 = 6.47, K = 1.47)

3.1 Limiting Values of Stress and Strain : Taking into
account the spalling of the concrete cover if in case the strain
outside the confined core exceeds the ultimate compressive
strain of unconfined concrete, Priestley (1997) suggested an
ultimate concrete strain of unconfined concrete, = 0.005. This
limiting value is adopted in present study. The ultimate
compressive strain of confined concrete as defined in ATC-

40 is given below.
= 0.1 <
0.02

~
~
\\\[\\

Figure 3.2

From the research conducted by Mondalet al. (2012), it was
suggested that in-order to avoid the buckling of longitudinal
reinforcement bars in between two successive transverse
reinforcement hoops, ultimate compressive strain of confined
concrete can be restricted to the limiting value of 0.02 as per
the ATC-40 specifications. Thus in the present study an
ultimate concrete strain of unconfined concrete, = 0.005 and
ultimate compressive strain of confined concrete, = 0.02 is
adopted.

IV. MODELLING OF RC MEMBERS FOR NONLINEAR
STATIC ANALYSIS

OpenSees (Open System for Earthquake Engineering

Simulation) platform is used for modelling of the
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structure.OpenSees is an object oriented open-source
software framework used to model structural and
geotechnical systems and simulate their earthquake response.
It is primarily written in C++ and uses some FORTRAN and
C numerical libraries for linear equation solving, and
material and element customs. The progressive capabilities
for modelling and analysing the nonlinear response of
systems using a wide range of material models, elements,
and solution algorithms makes this open source platform
more popular. Concrete behaviour is modelled by a uniaxial
modified Kent and Park model with degrading, linear,
unloading/reloading stiffness no tensile strength. Steel
behaviour is represented by a uniaxial Giuffre—Menegotto—
Pinto model. The strain hardening ratio is assumed as 5%.
Fiber Section modelling of element is done according to
Spaconeet. al, (1996).The ultimate strain for confined
concrete is taken as 0.02 as per ATC-40 specifications and
that for unconfined concrete is considered as 0.005 as per
Priestley (1997).

4.1 Pushover Analysis:

Pushover analysis is a static, nonlinear procedure to analyse
the seismic performance of a building where the computer
model of the structure is laterally pushed until a specified
displacement is attained or a collapse mechanism has
occurred as shown in Fig: 4.1.The loading is increased in
increments with a specific predefined pattern such as
uniform or inverted triangular pattern. The gravity load is
kept as a constant during the analysis. The structure is
pushed until sufficient hinges are formed such that a curve of
base shear versus corresponding roof displacement can be
developed and this curve known as pushover curve. A typical
Pushover curve is shown in Fig 4.1. The maximum base
shear the structure can resist and its corresponding lateral
drift can be found out from the Pushover curve. Most
pushover methods adopt a bilinear approximation of the
actual push-over curve to obtain an idealized linear response
curve,. This is done in such a way that the area under the
actual curve will be equal to the area under the bilinear
approximate curve.
/

Figure 4.1Lateral Load Distribution and a Typical Pushover
Curve

4.2 Effect of Confinement Model for Concrete in Lateral
Load Behavior

It can be seen from the previous Chapter that the effect of
confinement significantly change the peak strength and
ultimate strain of the stress-strain curve of concrete. In order
to study the effect of concrete confinement in the pushover
curve, pushover analysis of the 12 storeyed SMRF frame is
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conducted by modelling the concrete in the confined core
using the two concrete stress-strain models namely, modified
Kent and Park model and also the unconfined stress-strain
model suggested by IS 456 (2000). Fig. 4.3 shows the
pushover curves for the selected frame in both cases. It can
be seen that difference in strength between the two pushover
curves is only marginal but the change in the displacement
capacity is significant. The pushover curve that uses the
unconfined  stress-strain  model  underestimates  the
displacement capacity of 12 storey SMRF frames by 83%. As
the accuracy of displacement capacity estimation plays a
major role in the estimation of response reduction factors, the
SMRF and OMRF frames are modelled by the confinement
model and subsequent sections explains the further details.
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Figure: 4.2 Effect of confinement in lateral load behaviour of
12 Storeyed SMRF frames

V. PRESENT STUDY AND SCOPE FOR FUTURE WORK

The present study is limited RC plane frames without shear
wall, basement, and plinth beam. The stiffness and strength
of Infill walls is not considered. The soil structure interface
effects are not taken into account in the study. The flexibility
of floor diaphragms is ignored and is considered as stiff
diaphragm. The column bases are assumed to be fixed in the
study. OpenSees platform (McKenna et al., 2000) is used in
the present study. The non-linearity in the material properties
are modeled using fiber models available in OpenSees
platform. The present study considered frames with number
of storeys varying from two, four, eight and twelve with four
number of bays. The aspect ratios of (ratio of height to width)
of each frames considered is not the same. The trend of R
factors and the components of R factors show some
exceptions in the decreasing rend in some cases. The
selection of frames with same aspect ratio may vyield
variation of R factors with some specific trend. The present
study can be extended to frames with same aspect ratios. The
present study does not consider the effect of strength and
stiffness of infill walls in the frames. This approach can be
extended to frames modelling the infill walls.

VI. CONCLUSION
First part of this Chapter deals with various confinement
models for the stress-strain relationship of concrete. The
confinement in the concrete plays a major role in the strength
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and ductility of the RC members. In order to show the effect
of considering the confinement in the stress-strain curve and
its effects in the strength and ductility, various sections
specially detailed for confinement has to be designed. Hence
a number of building frames are considered and designed as
both Special Moment Resisting Frames (SMRF) and
Ordinary Moment Resisting Frames (OMRF). The
configuration of the frames and the reinforcement details of
RC sections are also presented in this Chapter. Confinement
stress-strain curves for various SMRF and OMRF sections
are also developed as per various available models. A review
of various confinement models used for the stress-strain
relation of concrete is also done later in this Chapter. The
details of the building configuration, reinforcement details
and the nomenclature assigned are shown in tabular form.
The various existing stress-strain models are studied in-order
to evaluate their relative differences in representing the
actual strength and deformation behaviour of confined
concrete. It has been noted that the stress-strain model
suggested by IS 456 does not consider the strength
enhancement due to confinement while in reality concrete
exhibits different performance in the confined and
unconfined conditions. The model proposed by Mander et al
(1988a) included the strength enhancement factor achieved
through confinement, but it does not control the descending
branch of the stress strain curve well. While comparing
Razvi model (1992) and Modified Kent and Park model
(1982) it was observed that the latter shows higher
percentage increase in column capacity and deformation. It
was found that many research conducted show that the
Modified Kent and Park model is close to the experimental
results. In the present study Modified Kent and Park model
(1982) has been used. Percentage Strength enhancement due
to confinement in Modified Kent and Park model for various
column sections is in the range of 32% - 58%. ATC-40
suggested a limiting value of ultimate strain for confined
concrete as 0.02. The limiting value of ultimate strain for
unconfined concrete is 0.005 as suggested by Priestly (1997).
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