Proceedings of the 9th U.S. National and 10th Canadian Conference on Earthquake Engineering
Compte Rendu de la 9ieme Conférence Nationale Américaine et

10iéme Conférence Canadienne de Génie Parasismique
July 25-29, 2010, Toronto, Ontario, Canada * Paper No 378

CUMULATIVE SPECTRAL ACCELERATION-SPECTRAL DISPLACEMENT
MEASURES OF GROUND MOTION INTENSITY

Arzhang Alimoradi' and Erol Kalkan®

ABSTRACT

Ground motion spectral quantities and response spectrum analysis have been an
indispensable part of earthquake engineering research and practice for the major
part of the past four decades. The growth of response spectrum concept paved the
way for advancements in ground motion intensity description. In this study,
acceleration-displacement demand diagram (4D) is used to describe the severity
of ground motion records. The area under 4D diagram is integrated to arrive at a
cumulative spectral acceleration-spectral displacement spectrum. The ordinate of
this spectrum and its slope at the fundamental vibration period of the structure
constitute our proposed intensity measures (/M). Through numerical simulation of
response of an instrumented building, the ability of the proposed /M in identifying
damaging power of earthquake records is demonstrated.

Introduction

Defining a robust measure of ground motion intensity has its roots in the early work by
George Housner at the California Institute of Technology in the 1950’s (Housner 1952). A
measure of severity of ground motion shaking, often denoted by /M in performance-based
earthquake engineering formulations, has three main purposes (Chopra 2007; Trifunac 2006; Baker
and Cornell 2005; Krawinkler 2001; Housner and Jennings 1982; Housner 1975):

1. Estimation of seismic hazard is to be expressed in terms of a common /M that could be
easily integrated into structural response calculations,

2. IM is a variable in the correlation functions of input ground motion and structural response,
and

3. In selection and scaling of ground motion records for structural design and evaluation
where the statistics of response is sought on the basis of a uniform level of input excitation.

In this paper, we propose using the acceleration-displacement demand diagram as a
description of ground motion severity for the purpose of defining two /Ms. The area under AD
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diagram is integrated from 7' = 0.0 sec to T = T, sec, where T is the elastic vibration period of a
single-degree-of-freedom (SDF) system, and the resulting cumulative AD spectrum is plotted
against T, for each period. The ordinates of the cumulative AD spectrum and its slope at the
fundamental period of vibration for a given structure constitute our proposed /Ms. The slope of the
cumulative AD spectrum at 7, is indicative of the rate of increase in demand due to period
elongation prompted by inelastic response. Computation of the proposed /M is fast using the
Green’s theorem in the plane. The proposed /M correlates well with common EDPs encountered in
design and evaluation of structures.

Background

Numerous scalar /Ms have been proposed since the early days of earthquake engineering
research; many of them still in use in current seismic hazard estimation and structural analysis
procedures. Spectral acceleration at the fundamental period of vibration of a structure is perhaps
the most widely used measure of ground motion intensity, in performance-based formulations,
loss calculation, and ground motion selection and scaling (ATC 2007; Cornell and Krawinkler
2000; FEMA 2000; Moehle et al. 2005; Shome et al. 1998). In addition, Housner’s earthquake
power index, Arias Intensity, Araya and Saragoni, and Riddell and Garcia are a few to name
(Kramer 1996; Luco and Cornell 2007; Riddell 2007; Tothong and Cornell 2006). Recently,
Riddell examined the correlation between twenty-three scalar /Ms and linear and nonlinear
response variables of SDF oscillators. According to his study no index was found to be
satisfactory over the entire frequency range, while acceleration-related /Ms, velocity-related /Ms,
and displacement-related /Ms were deemed better suited for systems with different mechanical
properties (Riddell 2007).

Theory

Ground motion shaking is a complex process (Alimoradi et al. 2005; Corral 2004;
Housner 1975). The most accurate description of level of shaking is possible through time-based
description of full 6-dof motion of a particle on the surface of the earth at a location of interest.
The time series of ground motion records contain all necessary information with regards to
amplitude, frequency substance, duration of shaking, and imparted energy to uniquely describe
the level of intensity. This way of describing ground motion intensity is computationally
expensive and impractical. On the other hand, most common methods of seismic hazard
evaluation only rely on a simple measure of ground motion intensity. In lieu of a full description
of earthquake ground motion, we postulate the necessary conditions for a measure of intensity to
be considered efficient and sufficient for the purpose of seismic hazard estimation and structural
damage correlation:

e Dispersion: A good measure of intensity has to predict structural response reliably, viz.,
the dispersion in structural response given level of /M should be practically small (or “IM
efficiency” as defined by Luco and Cornell (Luco and Cornell 2007)).

e Correlation: Structural response quantities (force-related and displacement-related) have
to be highly correlated with the /M. This should be rather obvious in the framework of
PEER center’s calculation of loss (Cornell and Krawinkler 2000; Der Kiureghian 2005):



One way of presenting complex data of high dimensions, such as earthquake ground motion, by
a few simple parameters is through optimal feature selection in a classical pattern recognition
problem. An optimal measure of ground motion intensity, scalar or vector, is mathematically one
that reliably categorizes a large database of ground motion records into a number of distinct yet
meaningful clusters. This is often done through maximizing a measure of distance (Abdi 2007).
An example of such way of ground motion data presentation was recently demonstrated by
Alimoradi et al, (Alimoradi et al. 2005). In this regard, an /M is naturally a data feature obtained
by feature extraction or by the application of principal component analysis. Although this is a
common way of dealing with complex data in many applications such as the problems of
fingerprint, voice, and face recognition; here we suffice to assume that data features used to
describe the motion are the spectral accelerations and displacements at various periods of interest
for any given ground motion record.

Cumulative AD Spectrum

The level of structural response and possible state of damage in a structural system are
both affected by acceleration and displacement demands. It may be argued that in fact it is the
imparted energy and its rate of change over time that drives structural response to a state of
damage (Estes and Anderson 2006; Mahin and Bertero 1981; Park et al. 1987). Therefore IM
measures based on energy should be more appealing than simplistic measures based solely on a
single descriptor of acceleration or displacement. The measures of intensity proposed in this
paper consider bound of input spectral energy, higher mode excitation effects, and inelastic
demand at the first-mode period by integrating the 4D diagram in the plane.

We speculate that a ground motion /M could be represented by the area enclosed between
the AD diagram and the spectral displacement and spectral acceleration axes. We use the value
and the slope of the cumulative AD spectrum at the fundamental period of vibration as two
intensity measures. We provide a simple numerical scheme for integrating the AD diagram
followed by some insight into the implications of the cumulative AD spectrum.

Consider the AD diagrams presented in the left panel of Figure 1. Clearly, record (1) has
considerably larger acceleration and displacement demands than record (3). On the other hand,
various 4D diagrams exhibit different shapes in the A-D space as depicted in the right panel of
Figure 1. The implication is that different degrees of displacement and acceleration demands are
expected at different spectral periods. Record (1) in the right panel may be considered a critical
record for the design of acceleration-sensitive equipments in a short/stiff structure, whereas
record (3) is perhaps suitable for displacement-sensitive damage checks in a more flexible
structure. Our proposed vector-based /M tries to describe such variability in acceleration and
displacement demands within a two-component /M.

Green’s Theorem in the Plane

The Green’s theorem in the plane provides the transformation of double integrals into
line integrals performed over the boundaries of a region (Kreyszig 1999). To calculate the area
enclosed by an AD diagram and the spectral acceleration and spectral displacement axes, the
Green’s theorem can be stated as follows:



A=—§(5,(1.8)ds, -5, (1.£)as.) )

in which 4 is the area enclosed by the 4D diagram, S, (T, &) is spectral acceleration and
S, (T, &) is spectral displacement at period 7 and damping ratio &. It should be noted that the

Green’s theorem is for areas that have continuous boundary functions with continuous partial
derivatives. This condition is almost always satisfied for an 4D diagram.
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Figure 1. Sample of AD diagrams (5% viscous damping).

A point on the AD diagram in Figure 2 may be presented in polar coordinate system by:
rz(To’fo):S;(To’ggo)-i_Sj(To’fo) (2)

the radial coordinate for an elastic SDF system with natural period 7, and damping ratio of &, .

Equation 2 could be rewritten for spectral displacement, S, , as:
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and integrating the 4D diagram in the polar coordinate system within a range of periods of
interest [T T ] :
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The period range of integration is problem specific. Here we use the entire range of
periods for which spectral quantities are available in the spectra of ground motions used in our
database.

. : [k . :
For a structure with natural circular frequency of @, = ,|— and damping ratio of &, our
m

proposed /M is defined as (see Figure3):
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In a simple system of an un-damped linear elastic SDF oscillator vibrating freely with
mass m, the total energy at time ¢ is proportional to the displacement and acceleration of the mass
which are bound by their corresponding spectral quantities:

)= b0 + nbil0F = 200 P + 2 <o) ®

implying that ||I o(T.E )” is an upper-bound to the total imparted energy.

Example

Thirty near-fault strong motion records were used in evaluation of the proposed /M (Kalkan
and Kunnath 2006). These ground motions were recorded from earthquakes having a magnitude
range from 6.1 to 7.6 and at distances varying from 0.7 to 15.9 km to the causative fault. We
computed the five percent damped pseudo spectral acceleration and spectral displacements for the
records in the database. Using the integration procedure outlined earlier we also calculated the
cumulative AD spectra (shown in Figure 4.) Two existing 6- and 13-story instrumented steel
moment-resisting frame buildings were considered as test structures for evaluation of the proposed
IM, however only results from the first model is presented here due to space limitation. Two-



dimensional nonlinear finite element models were created to study the behavior of the lateral load
resisting systems, since the buildings are essentially symmetric. The elevation view of a typical
perimeter frame for the building example is depicted in Figure 5. The analytical models use fiber
sections with distributed plasticity over the length of the elements in all structural components. A
stable bilinear response curve with 3.0% and 2.0% kinematic strain hardening were utilized to
simulate the material hysteretic behavior. The properties of the first three elastic vibration modes of
the building example are shown in Table 1. Further details of the buildings and modeling
information together with calibration studies are reported elsewhere (Kalkan and Kunnath 2006).
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Figure 3. The schematic of typical cumulative AD spectra



Calculated /Ms for the example building and their statistics are presented in Table 2. The
results of nonlinear finite element response history analyses, summarized in Table 3 and Figure 6,
show that although the variation of cumulative 4D ordinates and their slopes at the fundamental
period of vibration of the example building are relatively large, the ensuing structural response
quantities calculated from {7, } are highly correlated with the IM:s.

T T T T T T T I —

351 _— ]

30

N
(4]

N
o

Cumulative Sa.Sd, g-in
>

0 05 1 15 2 25 3 35 4 45 5
Natural Period, sec

Figure 4. The cumulative AD intensity components for the example building (middle vertical
line indicates the fundamental period; vertical lines on its both sides define the period
range for slope calculation).

Conclusions

Two new intensity measures of ground motion records are introduced in this paper using
the concept of cumulative spectral acceleration-spectral displacement spectrum to describe the
severity of shaking of earthquake records used in nonlinear response history analysis of
structures. The new IMs are related to the upper bound of input spectral energy and correspond
well with both force-based and displacement-based structural response quantities. Furthermore,
the consideration of higher modes of vibration to response (the first component of {7 m 1) as well

as nonlinear effects at and around the fundamental period of vibration (the second component
of {I D }) make the proposed intensity measure virtually suitable for different type of structural

systems in seismic zones. The proposed intensity measure was tested on an instrumented
building under a set of thirty near-fault strong ground motion records. The analyses of ranking
of the earthquake ground motion records in these numerical simulations revealed the strength of
the proposed /Ms in reliably identifying the damaging potential of them. In general, the method
resulted in a good correlation between the proposed /Ms and major structural response
quantities.
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Table 1.
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Table 2.

Statistics of the proposed /Ms for the example building (/M1: the ordinate of the cumulative
AD spectrum at the fundamental period of vibration, /M2: the slope of the cumulative AD spectrum

around the fundamental period of vibration; and /M3: is Euclidean length of {I D }).

IM1, g-in IM2, g-in/sec IM3, g-in
Min 0.211 7.4 0.007
Median 4.797 269.0 0.185
Mean 6.331 419.1 0.294
Max 28.461 1773.5 1.237
Standard Deviation 5.899 451.3 0.288
cov 0.932 1.077 0.980
Table 3.  Correlation coefficients of the /Ms with demand parameters in the example building
,0 Roof l?rift Infelll':tl(l)ll{;tg:ift Peak‘Intersfory Peak F l.oor Max. Ba.se
Ratio Ratio Drift Ratio Acceleration, g Shear, kips
SA(T)) 0.82 0.84 0.81 0.79 0.77
m1 0.69 0.78 0.68 0.90 0.70
m2 0.91 0.94 0.89 0.78 0.87
M3 0.87 0.93 0.88 0.73 0.80
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Figure 6. Correlation of proposed /Ms with some common engineering demand parameters

The proposed /M is being expanded for the problem of selection and scaling of ground
motion records and for probabilistic seismic hazard analysis. Work on sensitivity of {/ 4 D} to

various methods of slope calculation of cumulative AD spectrum is currently underway.

Acknowledgments

The fruitful discussions with Professor Shahram Pezeshk is greatly appreciated. The first
author thanks Prof. Helmut Krawinkler who first introduced him to the concept of vector-based
IMs and Dr. Paul Somerville for several constructive conversations. Any opinions, findings, or
conclusions expressed in this work are those of the authors’ solely and do not represent the views
of John A. Martin & Associates, Inc. or California Geological Survey.

References

Abdi, H. (2007). "Distance." Encyclopedia of Measurement and Statistics, N. J. Salkind, ed., Sage,
Thousand Oaks (CA), 280-284.

Alimoradi, A., Pezeshk, S., Naeim, F., and Frigui, H. (2005). "Fuzzy Pattern Classification of Strong
Ground Motion Records." Journal of Earthquake Engineering, 9(3), 307-332.

ATC. (2007). "Guidelines for Seismic Performance Assessment of Buildings (ATC-58 35% Draft)."
Applied Technology Council.



Baker, J. W., and Cornell, C. A. (2005). "A vector-valued ground motion intensity measure consisting of
spectral acceleration and epsilon." Earthquake Engineering & Structural Dynamics, 34(10),
1193-1217.

Chopra, A. K. (2007). "Elastic response spectrum: a historical note." FEarthquake Engineering &
Structural Dynamics, 36(1), 3-12.

Cornell, C. A., and Krawinkler, H. (2000). "Progress and Challenges in Seismic Performance
Assessment." PEER Center News, Spring 2000.

Corral, A. (2004). "Long-Term Clustering, Scaling, and Universality in the Temporal Occurrence of
Earthquakes." Physical Review Letters, 92(10), 108501.

Der Kiureghian, A. (2005). "Non-ergodicity and PEER's framework formula." Earthquake Engineering &
Structural Dynamics, 34(13), 1643-1652.

Estes, K. R., and Anderson, J. C. (2006). "Aseismic Design Using Hysteretic Energy Demands." 8th U.S.
National Conference on Earthquake Engineering, EERI, San Francisco, California, USA.

FEMA. (2000). "State of the Art Report on Performance Prediction and Evaluation of Steel Moment
Frame Buildings." FEMA-355F, Federal Emergency Management Agency, Washington, D.C.

Housner, G. W. (1952). "Spectrum intensity of strong motion earthquakes." The Symposium on
Earthquakes and Blast Effects on Structures, Earthquake Engineering Research Institute, 20-36.

Housner, G. W. (1975). "Measures of Severity of Earthquake Ground Shaking." First U.S. National
Conference on Earthquake Engineering, EERI, Ann Arbor, MI, 25-33.

Housner, G. W., and Jennings, P. C. (1982). Earthquake Design Criteria, Earthquake Engineering
Research Institute, Oakland, CA.

Kalkan, E., and Kunnath, S. K. (2006). "Effects of Fling Step and Forward Directivity on Seismic
Response of Buildings." Earthquake Spectra, 22(2), 367-390.

Kramer, S. L. (1996). Geotechnical Earthquake Engineering, Prentice Hall, Upper Saddle River, New
Jersey.

Krawinkler, H. (2001). "Progress and Challenges in Performance-based Earthquake Engineering."
Friedman Family Visiting Professional Program, Earthquake Engineering Research Institute,
Linbeck Distinguished Lecture Series in Earthquake Engineering: Challenges of the New
Millennium, University of Notre Dame.

Kreyszig, E. (1999). Advanced Engineering Mathematics, John Wiley & Sons, Inc.

Luco, N., and Cornell, C. A. (2007). "Structure-Specific Scalar Intensity Measures for Near-Source and
Ordinary Earthquake Ground Motions." Earthquake Spectra, 23(2), 357-392.

Mabhin, S. A., and Bertero, V. V. (1981). "An Evaluation of Inelastic Seismic Design Spectra." Journal of
the Structural Division, 107(9), 1777-1795.

Moehle, J., Stojadinovic, B., Der Kiureghian, A., and Yang, T. Y. (2005). "An Application of PEER
Performance-Based Earthquake Engineering Methodology." Research Digest No. 2005-1, A
publication of the Pacific Earthquake Engineering Research Center, Berkeley, CA, 4.

Park, Y. J., Ang, A. H. S., and Wen, Y. K. (1987). "Damage-Limiting Aseismic Design of Buildings."
Earthquake Spectra, 3(1), 1-26.

Riddell, R. (2007). "On Ground Motion Intensity Indices." Earthquake Spectra, 23(1), 147-173.

Shome, N., Cornell, C. A., Bazzurro, P., and Carballo, J. E. (1998). "Earthquakes, Records, and Nonlinear
Responses." Earthquake Spectra, 14(3), 469-500.

Tothong, P., and Cornell, C. A. (2006). "An Empirical Ground-Motion Attenuation Relation for Inelastic
Spectral Displacement " Bulletin of the Seismological Society of America, 96(6), 2146-2164.

Trifunac, M. D. (2006). "Brief history of computation of earthquake response spectra." Soil Dynamics
and Earthquake Engineering, 26(6-7 Biot Centennial -Earthquake Engineering), 501-508.



