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ABSTRACT
In this paper, two approaches for the reduction of the dispersion of IDA curves are studied. In
the first approach, equivalent single degree of freedom elasto-plastic systems producing maximum
demands equal to the corresponding multi storey frames’ demands are used in order to determine the
effective period. In the second approach, Fourier amplitude spectra of the responses of the multi storey
frames are drawn in order to determine the dominant frequency values for the earthquake scale factor
corresponding to a particular value of the chosen damage measure. Although the latter reduces the
dispersion considerably, the use of obtained frequency for the earthquake hazard definition is a subject
which should be further studied. For the analyses two 10 story model frames are used; one is a special
moment resisting steel frame and the other is a special reinforced concrete moment frame.
PERFORM-3D and DRAIN-2DX structural analysis softwares are used for inelastic dynamic analyses
of the R/C and steel model frames, respectively. The spectral calculations are carried out with the
coded MATLAB scripts. The comparisons of the results are presented and comments are provided for
future work.

INTRODUCTION
The scalar and vector intensity measures have been used to reduce the dispersion of incremental
dynamic analyses (IDA) curves (ASCE, 2007; Baker and Cornell, 2008a,2008b). Intensity measures
(IMs) are generally elastic response spectrum ordinates (elastic spectral values) for the records used in
IDA. If the periods used to calculate IMs are constant multipliers of the period of a mode or can be
predicted before IDA, relevant hazard curves can be prepared and used for any building. If they are
not, hazard curves should be obtained specific to the buildings. However, current elastic attenuation
equations will be available in any case. The use of inelastic spectral values requires the derivation of
new inelastic attenuation equations also.
In this study two scalar intensity measures as elastic spectral values are used. Although they are
elastic, inelastic response values are used to determine them. In the first approach equivalent single
degree of freedom elastic perfectly-plastic (ESDOF-EPP) systems producing maximum demands
equal to the corresponding multi story frames’ maximum story drift demands are used. Obtained
periods of ESDOF-EPP systems cannot be predicted before IDAs. In the second approach Fourier
amplitude spectra (FAS) of the inelastic responses of the multi storey frames are used to determine the
dominant period which can not be predicted before IDA either. Obtained dominant period is used for
the calculation of an elastic and scalar IM. The results obtained from non-windowed and windowed
FAS are provided since the latter may give improved results.
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DESIGN AND MODELING
Design spectrum and the basic geometrical properties of the steel special moment resisting model
frame (SMRF) and the assigned profiles for the cross sections are given in Fig.1a,1b. The height of
each story is 3.5 meters. The frame is designed along with the current Turkish design code and the
seismic design provision (MPWS, 2007). Accordingly, it is assumed to be built on the Seismic Region
I and the local site class is Z3. The columns and the beams of the perimeter frames are chosen from
IPB and IPE profile series. The profiles assigned to the columns change at the splices and four
different profiles are assigned to each vertical column axis. For the perimeter frames the profiles
assigned to the columns at the same height level are the same. All of the beam profiles assigned for
each story are the same, too. The gravity columns are chosen from TUBO profile series and similar to
the perimeter frame's columns there are four different profiles for each vertical column axis, and the
assigned profiles are the same for the same height level. The assigned profiles to the gravity columns
from the ground level to the top are TUBO260X260X16, TUBO200X200X16, TUBO180X180X16
and TUBO120X120X10, respectively.
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Figure 1. Properties of the used (a) Design spectrum (b) Steel special moment resisting frame (c) R/C special
moment resisting frame
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A ten story reinforced concrete special moment frame (Fig.1) is designed along with the
strength and capacity based design principles provided by TS500 (TSI, 2000) and Turkish Seismic
Design Provision (MPWS, 2007). Its basic properties are given in Figure 1. Height of the each story is
3 meters. Materials used for concrete and reinforcement steel are C25 having 25Mpa compressive
strength and S420 having 365MPa yield strength, respectively. The design spectrum is also given in
the figure. Site class of the spectrum is equivalent to the class "C" of the United States Geological
Survey.
For the modeling of the steel frame, lumped plasticity approach is used by employing the beamcolumn element of DRAIN-2DX (Prakash et al., 1993) structural analysis program. In order to
consider P-Delta effects gravity columns are added to the perimeter frame. Since the strength
degradation starts after 0.04 radians interstory dirft ratio for the used prequalified connection type,
elasto-plastic hinges having 3% strain hardening are used.
Beam-column element model with lumped plasticity approach and the hinge model of ASCE4106 (ASCE, 2007) as provided by PERFORM3D (CSI,2013) structural analysis program are used for
the concrete frame. Since each lateral load resisting frame also carry the vertical loads, P-Delta effects
are included for the columns of the frame directly.

GROUND MOTIONS
Seven number of far field ground motion records are used for the incremental dynamic analysis. The
records are obtained from PGMD (2010) and the properties of the records are given in Table.1.
Table 1. Earthquake record set
Event

NGA
No

Station

Comp

Magnitude,
Mw

Distance

Loma Prieta, 1989
Northridge-01, 1994
Chi-Chi, Taiwan, 1999
Landers, 1992
Kobe, Japan, 1995
Superstition Hills-02, 1987
Cape Mendocino, 1992

776
963
1479
900
1107
724
826

Hollister - South & Pine
Castaic - Old Ridge Route
TCU034
Yermo Fire Station
Kakogawa
Plaster City
Eureka - Myrtle & West

FN
FN
FP
FP
FP
FP
FN

6.93
6.69
7.62
7.28
6.90
6.54
7.01

27.7
20.1
35.7
23.6
22.5
22.2
40.2

EQUIVALENT SDOF APPROACH
After inelastic dynamic analysis are performed, IDA curves can be drawn for an intensity measure
(IM) by post processing the results. For another IM only the post processing is repeated. Inelastic
dynamic analyses are performed for above given far field records (Table.1) and inelastic maximum
story drift ratios produced on the two model frames are obtained. Firstly, conventional IDA curves are
drawn by choosing Sa(T1) as an IM for the steel frame (Figure.2a) where T1 is the first mode period of
the model frame under consideration. In order to represent dispersion, coefficient of variations (COV)
is used as a simple measure in this study. Obtained COV value is 0.83 for the steel frame.
Secondly, intensity measure Sa(TESDOF) is used where TESDOF is the elastic period of ESDOF-EPP
system. In order to find Te, inelastic dynamic analyses of ESDOF-EPP systems having elastic period
values between 0.5T1 and 3T1 are performed and the systems having demands equal to the maximum
storey drift of the model frames are determined. If more than one period values are obtained the elastic
period value closest to T1 is chosen as TESDOF. Obtained IDA curves for this approach are given in
Fig.2b for the steel frame. The value of the COV reduces to 0.77 from 0.83 for this case. However it
should be noted that the result is affected by the limits of the period interval of the searches for an
ESDOF system.
For the concrete frame conventional IDA curves can be seen in Fig.3a. The value of COV is
0.79 for this case. If ESDOF approach is used the COV value reduces to 0.72 from 0.79. IDA curves
for ESDOF approach can be seen in Fig.3b. The limits of the period interval are effective for this case

also. In the next chapter a new intensity measure taking into consideration the inelastic response of the
model frames will be introduced.

(a)

(b)
Figure 2. IDA curves of the steel frame for the intensity measures (a) Sa(T1) (b) Sa(TESDOF)

(a)

(b)
Figure 3. IDA curves of the concrete frame for the intensity measures (a) Sa(T1) (b) Sa(TESDOF)
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DOMINANT PERIOD APPROACH
IM determined by dominant period approach is a scalar measure S(TFA) which is the elastic spectral
acceleration at the period TFA. Here TFA is determined from the base shear force response of a model
frame for an earthquake. To this aim one sided Fourier amplitude spectrum (FAS) of the base shear
force history are drawn and the period value corresponding to the highest Fourier amplitude (FA) are
chosen as TFA. In order to suppress high frequencies because of initial conditions the response data are
windowed by Blackman window before discrete Fourier transformation. The ratio of the dominant
period values (TFAw) to the first mode period of the steel frame (T1) are 1.47, 1.02, 1.00, 1.43, 1.07,
1.00, and 1.25 for the corresponding earthquakes given in Table 1, ordered respectively. The data
points from which the dominant period values are obtained are marked by circles on Fig.4 for the steel
frame. It should be noted that above given ratios can not be predicted before IDA are performed.
However since the IM is elastic spectral acceleration it can be benefited from the current attenuation
relationships.
For the comparison of different IM values, scale factors of the earthquakes causing nearly 3%
story drift ratio are chosen. Calculated Sa(T1) and Sa(TFAw) values are given in Fig.5. When TFAw is used
instead of T1 coefficient of variation (COV) is reduced from 0.196 to 0.030.
If windowing is not applied the values of the ratio of TFA to T1 are 1.45, 1.02, 1.00, 1.00, 1.06,
0.79, 1.06 with the same order given above. When Sa(TFA) is used instead of Sa(T1), COV is 0.092
which is still lower than that of Sa(T1) but is higher than that of Sa(TFAw). This implies that used
window type may also be effective on the obtained results.
The ratios TFAw/T1 and TFA/T1 for the concrete model frame and for the records (Table.1) are
{1.24, 0.9, 1.36, 1.04, 0.85, 0.69, 1.09} and {0.99, 0.99, 0.91, 1.09, 0.85, 1.57, 1.09}, respectively.
The FAS of the windowed response with marked dominant period points on it are given in Fig.6. The
values of the COV are given in Figure 7. However the values of COV are higher for dominant period
approach for the concrete frame. The results do not improve for the concrete frame. The main
difference between steel and the concrete model frames were cyclic degradation. The concrete frame

Figure 4. Fourier amplitude spectra of the base shear force histories of the steel frame for the earthquakes
ordered accordingly with (a), (b), (c), (d), (e), (f) and (g) in Table.1

has higher cyclic degradation effects and the results do not improve with the use of dominant period
approach. This topic should be further investigated. For the improvement of the results other structural
response parameters may also be investigated rather than the base shear response history of the frame.
All the above mentioned calculations are performed by the coded MATLAB (The Math Works Inc.,
2012) scripts.

Figure 5. Dispersion of IDA at 3% story drift demand of the steel frame for different IMs

Figure 6. Fourier amplitude spectra of the base shear force histories of the concrete frame for the earthquakes
ordered accordingly with (a), (b), (c), (d), (e), (f) and (g) in Table.1
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Figure 7. Dispersion of IDA at 3% story drift demand of the concrete frame for different IMs

CONCLUSIONS
Two new scalar intensity measures as elastic response spectrum ordinates are introduced to reduce the
dispersion of IDA curves. The first approach (ESDOF approach) uses the period values of the elastoplastic single degree of freedom systems having demand values equal to the maximum story drift
demands of the model frames for the calculation of the elastic acceleration response spectrum
ordinate. The dispersion represented as the value of COV reduced from 0.83 to 0.77 and from 0.79 to
0.72 for the steel and the concrete model frames, respectively. However periods of the determined
ESDOF systems are affected by the limit values of the period interval used for the searches. More
results are required before concluding the limits of the period interval for the searches. Apart from that
only the effectiveness is investigated in this study, sufficiency should also be investigated especially
for near fault records.
The second approach (dominant period approach) utilizes the base shear response history of a
frame for the calculation of the dominant period. The Fourier amplitude spectra of the base shear
history are drawn and the dominant periods are determined. The effects of windowing of the data are
also investigated by windowing the base shear response of the frames before Fourier transformation.
Intensity measure is chosen as the elastic acceleration response spectrum ordinate calculated by using
the dominant period determined. For the comparison of the results, records with scale factors resulting
in nearly 0.03 story drift ratios are used. The values of COV are reduced from 0.196 to 0.092 for non
windowed case and to 0.030 for the windowed case for the steel frame.
However the dispersion does not reduce for the concrete frame. The main difference between
the results of the steel and the concrete model frames is cyclic degradation. Concrete frame has more
cyclic degradation. Since the dispersion reduced considerably for the steel frame, additional
investigation should also be performed for the concrete frame such as selecting different structural
response parameters rather than the base shear response.
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