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Abstract

This note is the first in a series devoted to a study of the flow of earthquake energy from the source to its destination, the soil-structure
systems, where it will drive the relative structural response. The basic seismological aspects of empirical scaling of seismic wave energy,
E,, are reviewed, and it is shown how this energy can be represented by functionals of strong ground motion. This constitutes the first
required step, after which this energy will be attenuated (dissipated) along the wave propagation path, arriving as the incident-wave
energy upon the soil-structure systems. The ultimate goal of this work is to form a basis for formulation of a new design method in which
the power of the incident-wave pulses will be compared with the capacity of the structure to absorb this power.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The classical method of response spectrum superposition
[1,2] continues to be a practical tool for design of structures
expected to vibrate without any damage during the largest
possible levels of shaking. However, pragmatic considera-
tions, analyses of uncertainties, and minimization of cost
result in designs of structures that may experience damage
from rare and very strong earthquake shaking. Therefore,
during the last 30 years many modifications and ‘“‘correc-
tions” have been introduced into the response spectrum
method to reconcile its linear nature with its desired
nonlinear use in design (e.g. [3,4]).

This paper explores an alternative to the spectral method
in earthquake-resistant design, by analyzing the flow of
energy associated with strong motion. This requires
consideration of all of the principal stages of earthquake
energy flow, from the earthquake source, along the
propagation path, and to the final work leading to relative
response of the structure. The loss of energy along the
propagation path also has to be considered. These losses
must be accounted for to properly quantify the remaining
energy, which will excite the relative response of the
structures. In this (Paper I), the first in a series, we will
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analyze only the strong-motion estimates of earthquake
energy release at the source.

Well-designed structures are expected to be ductile
during the largest credible shaking and to have a large
energy reserve to at least delay failure if it cannot be
avoided. As a structure finally enters large nonlinear levels
of response, it absorbs the excess of the input energy
through ductile deformation of its components. Thus, it is
logical to formulate earthquake-resistant design procedures
in terms of the energy driving this process [5,6]. From the
mechanics point of view, this involves nothing new, since
the basic energy equations can be derived directly from
Newton’s second law. The advantage of using energy is
that the duration of strong motion, the number of cycles to
failure, and dynamic instability, all can be considered
directly and explicitly. This, of course, requires scaling of
the earthquake source and of the attenuation of strong
motion to be described in terms of energy.

Ideas to use energy in seismic design can be traced back
to the 1930s, when Benioff [7] proposed the use of seismic
destructiveness, to be measured by computing the area
under the relative displacement response spectrum. It can
be shown that this result can be related to the energy of
strong motion [8,9].

The seismological and earthquake engineering charac-
terizations of the earthquake source begin with the
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estimation of its “size.” For centuries this was done in
terms of earthquake intensity scales, which are not
instrumental and are based on human description of the
effects of earthquakes [10,11]. In the early 1930s, the first
instrumental scale—the local earthquake magnitude, M;—
was introduced in southern California [10,12]. Few years
later, it was followed by the surface-wave magnitude, M,
[13,14], and more recently by the moment magnitude,
My, = (log1g My—16)/1.5, and by the strong-motion mag-
nitude, M EM [15]. The seismic energy associated with
elastic waves radiated from the source, Eg, [13,14] has also
been used to compare “‘sizes” of different earthquakes. The
seismic energy, F,, leaving the earthquake source is
attenuated with increasing epicentral distance, r, through
mechanisms of inelastic attenuation [16], scattering, and
geometric spreading. In the near field, for distances
comparable to the source dimensions, different near-field
terms attenuate like r~* and r—2 [17]. The body waves
(P- and S-waves) attenuate like #~', while the surface waves
attenuate like '/,

The seismic wave energy arriving at the site is next
attenuated by the nonlinear response of shallow sediments
and soil in the “free field” [18-21] before it begins to excite
the foundation. Once the foundation is excited by the
incident waves, the response of the soil-structure system is
initiated. The incident-wave energy is further reduced by
the nonlinear response of the soil during soil-structure
interaction [22-25] and by radiation damping [26,27]. The
seismic energy flow and distribution during the final three
stages—(1) the response of the soil-foundation—structure
systems, (2) the energy available to excite the structure, and
(3) the relative response of the structure—will be analyzed
in future papers.

2. Earthquake source energy

During an earthquake, the potential energy in the rocks
is converted into heat, into mechanical work moving the
crustal blocks and crushing the material in the fault zone,
and into energy, E associated with the emitted elastic
waves. At a given period, the energy in the elastic waves is
of the form

logloEs = C+2Ms (1)

where C is a constant and M is the earthquake magnitude.
Following numerous estimates of the energy radiated by
different earthquakes and revisions of the empirical scaling
equations based on Eq (1) using surface-wave magnitude,
M, this empirical relationship has evolved to become [14]

log,o Es = 4.8 + 1.5 M (Jouls). 2)

In terms of the local magnitude scale My, this is equivalent
to [10]

logioEs = 9.9+ 1.9 M — 0.024 M3 (ergs) (3a)

or
logyg Ey = 2.9+ 1.9 M1 — 0.024 M (Jouls). (3b)

For scaling in terms of earthquake intensity scales, we
mention the work of Shebalin [28], who proposed the
following empirical relationship:

09log)g Es — I = 3.8log;gh — 3.3, for h<70km, 4)

where E; is the energy in surface waves in MlJouls
(10" ergs), & is hypocentral depth in kilometers, and 7 is
the maximum modified Mercalli intensity.

The amount of energy transmitted per unit of time,
across unit area, normal to the direction of wave
propagation, is pawv? for plane P-waves and pfv” for plane
S-waves, where p is material density, a is velocity of
P-waves, f is velocity of S-waves, and v is particle velocity.
The shear-wave energy transmitted through area 4 during
time interval [0, 77 is, for example,

T
Es = pAp /O v (7)ds, (5)

with analogous expression for the energy of P-waves. Using
Parceval’s theorem, Eq. (5) becomes

o0 2
g, = PAB (M) do, ©6)

2n J, w

where F(w) is the Fourier amplitude spectrum of ground
acceleration (Fig. 1). For practical calculations using band-
limited strong-motion data, Trifunac [31] defined the
quantity en (proportional to energy) as

2007
en = J/P
/50

To account for all of the radiated energy in the form of
elastic waves, and to follow its attenuation and distribu-
tion, starting with the earthquake source and ending with
the structural response, it is first necessary to show that the
above simple expressions, valid only for plane waves, can
be used to approximately account for all of the elastic
energy, E;, radiated by the source. As a first step, we show
that E; computed from Eq (6), where F(w) is determined
from empirical scaling equations for Fourier amplitude
spectra of recorded strong-motion accelerograms [16,32], is
approximately equal to Es in Eq (2), based on seismo-
logical estimates of Local, My , and surface (M) wave
magnitudes. In Fig. 2, we plot 10g,0(20source Psource Asource€h)
versus logy, E;, computed from Eqs (2) and (3b), for
M=4, 5 6, 7, and 8. For this example, we take
Bsource = 3kM/S, psource = 2 x 10°kg/m* and source area
Asource = LW, where L and W are the fault length and
width, given by [16,32]:

F(w)
o

2
dow. (7

L =0.01 x 10°°*(km), (8)
and
W =0.1 x 10“*M(km). )
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Fig. 1. Fourier amplitude spectra of ground acceleration at a site on
geological basement rock (s =2; see [29]) and “‘rock” soil (sp = 0), for
earthquake magnitudes M =4,5,6, and 7, zero source depth and
epicentral distance R = 10 km. The shaded region indicates the range in
which the empirical scaling laws apply [30].

It can be seen that 20y cc Bsource Asource™~ Es. The factor of 2
comes from the fact that we approximated the area
through which FE is radiated by 24, representing both
sides of the fault plane. The agreement found in Fig. 2
implies that our empirical scaling equations for F(w)
[16,30,32], including their extrapolation to the fault
surface, are satisfactory and that they can be used for
strong-motion estimates of radiated energy.

3. An example with recorded data

The following example shows how the energy in
recorded strong-ground motion can be used to compute
the magnitude of an earthquake, and thus to test the above
scaling. We present this example for the Northridge,
California, and earthquake of January 17, 1994.

Fig. 3 shows the horizontal projection of the fault plane
(dashed lines). The gray shades in this figure outline the
areas where the basement rock is essentially at the surface.
To minimize the effects of amplification by sediments and
thus simulate conditions of typical seismological observa-
tories, we consider only those sites of strong-motion
stations that recorded this event on basement rock. This
requirement led to the selection of 25 strong-motion
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Fig. 2. Energy computed from empirical equations describing recorded
strong-motion velocity, extrapolated to the fault surface, (2psourcefsource
Asource €n1), versus seismological (empirical) definition of E; in terms of
earthquake magnitude.

stations, as shown in Fig. 3. At each of these stations, we
compute fOT v*(¢)dt for the entire duration of all available
recorded components and assume that the result is an
approximation of en in Eq. (7). We combine contribution
from three components of motion by square root of the
sum of the squares. To correct for average inelastic
attenuation and geometric spreading, we multiply all of
the recorded velocities by 4 exp(w 4/20f), where 4 is
hypocentral distance and Q is the quality factor. We
assume w~6.28 rad/s, f~1km/s, and Q = 500. Finally, we
multiply the integrals of velocities squared by pgoyrce -
Poource * Asource and assume that pgoyree = 1.6 X 103 kg/m3,
Bsource = 1 km/s, and Aguree = 100km? [33]. From the
computed E; (using Eq (5)), we evaluate M using Eq. (2).
The results are shown in Fig. 4. The data indicates an
average estimate equal to M = 6.7 and a standard deviation
of 0.20. This is in good agreement with other magnitude
estimates for the Northridge earthquake (local magnitude
M; = 6.4 and moment magnitude M, = 6.7 [33].

Other examples of using wave energy to interpret
recorded strong-motion accelerations can be found in
Trifunac [34, 35].

The nature of growth of the integral in Eq. (5) versus
time is shown in Fig. 5. It increases rapidly at first, and
then tends asymptotically toward its final value. The time
during which this integral grows rapidly is called the
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Fig. 3. Twenty-five strong-motion stations on basement rock, during Northridge, California earthquake of January 1994.

Northridge Earthquake, January 17, 1994
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Fig. 4. Surface-wave magnitude, M, computed from E (corrected for geometric spreading and anelastic attenuation), versus epicentral distance. All
points shown are for stations located on basement rock (see Fig. 3).
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Fig. 5. Strong-motion velocity (top), “wave energy” ([ v*(r)dt) and its (90 percent) duration (center), and maximum incident power (2 [ v*(#)dr) (bottom).

b}

“strong-motion duration,” and in this example it corre-
sponds to realization of 90 percent of strong-motion energy
at this site. The duration of the strong-motion increases
with magnitude, epicentral distance, depth, and dimensions
of sedimentary layers through which the waves propagate
(e.g., see the review article by [36]). Fig. 5 (bottom) shows
the power of strong motion, computed by differentiation of
en (center), with respect to time. Maximum power and the
duration will be of particular interest in estimation of the
maximum seismic demand on structures [5].

4. Conclusions

It has been shown how the radiated strong-motion
energy leaving the earthquake source can be approximated,

using Parceval’s Theorem, in terms of the integrals of
Fourier amplitude spectra of strong-motion acceleration.
The accuracy of this approach was illustrated by an
example from the Northridge, California, and earthquake
of 1994. It was then shown how the magnitude of an
earthquake could be estimated (with standard deviation of
about 0.2), by using the energy integrals of the spectral
amplitudes of strong motion. From this experiment we
conclude that Eq. (6) can be used to estimate seismic wave
energy FE, radiated by a fault.

The scaling Eq. (6) for E; provides a starting point for
the studies of attenuation of the seismic wave energy with
distance from the earthquake source, and for scaling of the
total energy demand, and of the associated power demand,
of the waves arriving towards the building site.
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