Generation of RMS Hazard-Compatible
Artificial Earthquake Ground Motions
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ABSTRACT

Due to the random nature of earthquake, the definition of the input excitation is one of the major uncertainties in the seismic response analysis.
Furthermore, ground motions that correspond o a limited number of design parameters are not unique. Consequently, a broad range of response
values can be obtained even with a set of mations, which match the same target parameters. The paper presents a practical probakilistic approach
that can be used fo systematically model the stochastic nature of seismic loading. The new approach is based on energy-based RMS hazard and
takes account for the uncertainties of key ground motion parameters. The simulations indicate that the new RMS procedure is particularly useful for the
rigorous probabilistic seismic response analysis, since the procedure is suitdble for generation of large number of hazard-compatible motions, unlike the
conventional procedures that aim fo generate a small number of maotions.
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1. Introduction

Due to the random nature of earthquake motions, the
definition of the input excitation is one of the major
uncertainties in the seismic response analysis. Hence, the
estimation of key design parameters of seismic ground
motion and subsequent quantitative assessment of the
associated uncertainties has been an important issue in
geotechnical earthquake engineering. The most common
approach has been to use a deterministic procedure in
which several time histories of acceleration are selected as
free field or bedrock design motions. The design motions
are often defined as motions of which response spectra
match a given design response spectrum. However, a
single time history of acceleration matching the design
response spectrurn represents only one possible realization
among infinite numbers of possible scenarios of earthquake
motions. By the same token, ground motions that corre-
spond to a limited number of design parameters are not
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unique. Consequently, a broad range of response values
can be obtained even with a set of motions, which match
the same target parameters. The problem may be effectively
approached by generating a large series of hazard-compatible
artificial motions, and by using them in subsequent response
analyses.

There are, in general, three main methods for generation
of design ground motion: (1) modification of recorded
ground motions(e.g,, Lilhanand and Tseng"), which either
rescale recorded motions to the target amplitude or adjust
the time scale to get desirable frequency content, or splice
parts of recorded motions together, (2) generation of
genuine artificial motion in terms of stochastic processes,
(e.g., Der Kiureghian and Crempien”), and (3) generation
of artificial motion using Green’s function techniques(e.g.,
Hartzell(3)). Among them, the stochastic representation of
the earthquake motion hazard provides, at least theoretically,
a systematic way of representing the infinite number of
possible scenarios, which correspond to a certain level of
hazard.

The paper presents a practical probabilistic approach
that can be used to systematically model the stochastic
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Generation of RMS Hazard-Compatible Artificial Earthquake Ground Motions

nature of seismic loading. The new approach, which is
based on energy-based RMS hazard, is suitable for gene-
rating a large series of hazard-compatible artificial motions.
Uncertainties in modeling seismic source, path attenuation,
and local soil conditions are taken into account in the
process of artificial earthquake generation. Finally, the
applicability of the proposed approach is illustrated with

example seismic slope stability analyses.

2. Stochastic characterization of ground motion

2.1 Characterization of stationary ground motions

Earthquakes are essentially non-stationary processes, and
in many circumstances the use of stationary models may
prove inadequate for earthquake engineering purposes.
However, due to simplicity, many investigators have
characterized earthquake ground motions as a stationary
random process(e.g, Housner and Jennings'”, Shinozuka®).
A zero mean stationary Gaussian random process can be
completely defined by its(one-sided) power spectral density
(PSD) function, G(w). The PSD describes how the power
(energy per unit time) is distributed among the frequencies
of vibration. Based on Kanai's study® of the frequency
content of a limited number of recorded strong ground
motion, Tajimim proposed the following widely quoted
form for the power spectral density(PSD) function of
ground motion.

1+48 w/w,)?
"1 (wlw) P+ 48wl w,)?

Glw) =G, @

Where G(w) is the energy content at frequency w, G, is
some measure of shaking intensity, ¢, and w, are the
parameters termed the K-T damping coefficient and K-T
frequency. Eq. (1) is the form exactly same as the accele-
ration response PSD of SDOF linear system of natural
frequency w, and damping ratio £, upon the input of
white noise basal acceleration G,.

It is sometimes convenient to define normalized K-T
PSD with unit variance. The normalized PSD can be obtained
by dividing the PSD(Eq. (1)) with its variance as:

G*(w)lez G(w) @

For the Kanai-Tajimi PSD, the variance is related to its
parameters as(Crandall and Mark®):
7Z'GQ Wy

ozzfomc(w)dw:Tg(Hug) 3)

The intensity parameter G, can then be computed from

the variance as:
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2.2 BRMS, Energy-based intensity parameter

Traditionally, most seismic hazard analyses use either
maximum values of ground motion or a response spectrum
to characterize the intensity of ground shaking(e.g, Housner”,
Abrahamson and Silva”). Response spectrum is the
maximum response of a single-degree-of-freedom(SDOF)
system to a particular input motion and can be defined as
a function of the natural frequency and damping ratio of
the SDOF system. However, using a maximum value to
characterize the intensity of shaking is often inadequate,
especially when dealing with structures whose response
depends on total seismic energy rather than peak values
of ground shaking. One of the energy-based parameters
that include the effects of the intensity and frequency
content of ground shaking is the RMS(root mean square)
acceleration, which is defined as(Housner™"):

1/2

E( Td) bt Tda2 ( Z')dl’] (5)
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where (7)) is a acceleration time history, ¢, is a initial
time of interest, 7, is duration of the strong ground
shaking, and E(7,) is a total energy for the duration
T,. Similarly, temporal RMS(Fig. 1) can be defined by

replacing T, with a small time interval A ¢ as:
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Fig. 1 Time-invariant and temporal RMS(Wang and Kavazanijian
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Generation of RMS Hazard-Compatible Artificial Earthquake Ground Motions

The RMS is a time-averaged value of shaking intensity
and the RMS acceleration is not strongly sensitive to large,
high frequency parts of accelerations, which is a desirable
characteristic for engineering purposes. Its value, however,
is sensitive to the definition of duration(e.g, McCann™).
The RMS definition(Eq. (5)) is closely related to another
energy-based parameter, Arias intensity(Arias?), which is
written as:

AR )

The Arias intensity in the above original form is in-
dependent of the method used to define the duration of
strong shaking because its evaluation is defined over the
whole time domain of earthquake ground motion. As a
result, the Arias intensity has been used in a number of
recent geotechnical applications(e.g., Kayen and Mitchell™),

3. Generation of Stationary Ground Motions

A number of procedures have been developed for gene-
rating earthquake ground motions as random(or stochastic)
processes. Majority of them are either based on ARMA
models(e.g, Chang et al."”, Shamaras et al."”) or spectral
representation(e.g., Housner and ]emﬁngs(4), Shinozuka®™).
Spectral representation of ground motion with the PSD
function, in general, provides both clear interpretation and
computational efficiency. It can also easily incorporate the
non-stationarity of the intensity and frequency content, as
will be shown later.

A periodic function can be expressed by series of
sinusoidal motions and, especially, the zero-mean process
can be represented as:

X(t)= ﬁ,lAi sin(w; t+ 0,) 8

Where A; is the Fourier amplitude, w; is the circular
frequency, and ¢, is the phase angle of the ;” contributing
sinusoid. By fixing an array of amplitudes and randomly
generating different arrays of phase angles, we can produce
different motions with the same general appearance but
different details(Gasparini and Vanmarcke™). The total

power of the steady state motion X(¢) is > —éA‘f For
=1

stationary random process this total power may be expressed
in terms of the power spectral density function as:

1342 - S6w) a0 [ Glodo )

Therefore the Fourier amplitude A; is related to the(one-
sided) power spectral density function G(w) as:

S A*=Glw)aw (10)
Thus, G(w;)Aw can be interpreted as the contribution
from the sinusoid with frequency w, to the total power of

the motion. Each different array of phase angles can be
modeled by statistically independent random phase angles
;, which are uniformly distributed between ( and 27.
Eq. (8) then becomes(Rice™):

X(4)= Z\/ 5C(0) b w sin(w; t+ 0,) (1)

As the number n of sinusoidal motions becomes large, the
distribution of the process X(¢) approaches Gaussian
distribution by virtue of the central limit theorem, as long
as A, are of similar magnitude(Yang™). The above formula
defines an infinite ensemble of time histories with the same
frequency content but with randomly distributed phase
angles between the individual components. Sample earth-
quake motion can then be obtained either by filtering white
noise through a SDOF linear filter with natural frequency
w, and viscous damping ¢, or by directly transforming
them into the time domain by FFT(fast fourier transform,
Cooley and Tukey™). Fig. 2 shows a stationary time history
and its corresponding key parameters that are self-explanatory.
The theoretical and actual Fourier amplitude and PSD are
also shown. This study defines an upper cutoff frequency
w,, beyond which the contribution is insignificant, to be
100rad/sec(about 16cycles/sec).

4. Generation of non-stationary ground motions

4.1 Representation of non-stationary ground motions

Earthquakes are essentially non-stationary processes, and
in many circumstances the use of stationary models may
prove inadequate for earthquake engineering purposes.
Transient character of the intensity content can be added
by multiplying the stationary motion by a deterministic
modulating(envelope) function m(¢). The non-stationary
motion Y(¢) then becomes

V(1) = m(1)X(t)
= m(¢) i}\/ 2Gi(w;)Aw sin{w;t+ 6;) (12)

It should be noted that the resulting motion is still
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Fig. 2 Sample stationary artificial earthquake ground motion

stationary in terms of frequency content. Various modulating
functions have been proposed to incorporate a non-stationary
aspect of the earthquake ground motions. Almost all recorded
ground motions show initial build-up followed by a
strong-motion part and then a die-down segment. The
most common forms of the modulating function are in
types of the “Exponential”, “Trapezoidal”, and “Compound”.
Even though these types of the modulating function have
been used successfully they may not be adequate in a
situation of generating a large number of input ground
motions, which correspond to the certain level of seismic
hazard. That is primarily because of difficulties in developing
the consistent statistics of model parameters, which define
the size and shape of the modulating function since those
modulating functions are duration-dependent. Lack of statistics
of the model parameters makes it difficult to consistently
assess the model uncertainty.

Assuming that the shape of ground motions is, in general,
independent of the duration, the non-stationary of ground
motion can be modeled by a duration-independent mo-
dulating function. A set of model parameters can thus be
used to describe any ground motions regardless of the
duration. In their liquefaction-related analytical approaches,
Wang and Kavazanjian"® proposed a trigonometric mo-
dulating function that has two model parameters to define

the shape of the modulating function, defined as:
m(t) =sin “(z(t/t;)?) (13)

Where ¢ and f are two parameters to determine the
shape of the modulating function and ¢, is the duration
of motion(Fig. 3). The function is in a normalized form for
both intensity and duration. This model provides a con-
venient way in developing the statistics of shape parameters
since it is in a normalized form and can thus be used
independent of the size and the duration of ground motion.
For this reason, the model is adopted in this study.

4.2 Relationship between the modulating function and
RMS hazard

As discussed earlier, the normalized PSD is obtained by
dividing the PSD by its corresponding variance. When the
stationary process X (¢) is a normalized process with a

unit variance and PSD function G*(w), Eq. (12) (non-stationary
ground motion) can be rewritten in terms of the nor-
malized PSD function and modulating function m(¢) as:

V(1) =m() X (1)

— (1) ilv 2G (@) b w sin(w; i+6,) (14)
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Fig. 3 Trigonometric modulating function sin “(z (¢ /¢4)%) and effects of parameters @ and £ on the modulation function(Wang and Kavazanjian

It is straightforward to relate the time-variant RMS to
the deterministic modulating function m(¢) as follows:

RMS(t)=c(t)=E[Y*(t)]=E| m*(£)X**(¢) |
=m*(DEL X*(t) | =m*(t) (15)

The time-variant RMS of the motion Y (#) can thus be
identical to the modulating function m(¢). In other words,
if the normalized power spectral functions are given, non-
stationary ground motion can be obtained by a product of
the temporal-variant RMS(or time dependent standard
deviation) and normalized stationary process of PSD G*(w).
The temporal RM5 and/or modulating function can be obtained
by fitting the suggested analytical forms to smoothened
accelerograms(lyengar and Iyengar(zz)). It is, however, a
common practice in seismic hazard analysis that the RMS
hazard is estimated in terms of a single constant value,
not in terms of temporal RMS, and thus a determination
of the model parameters is required to relate the modulating
function m(¢#) to constant RMS. Wang and Kavazanjian'”
derived the relationship between the constant RMS hazard
and their trigonometric modulating function sin “(z(#/¢,)%)
based on the concept of the normalized expected energy
(or normalized expected Arias intensity) and 5-95% Arias
duration(often called significant duration) such as:

m(t)=C- sin “(x(¢/t,)") (16)

where the intensity coefficient C of modulating function
is given as:

RMSy =
[fol sin 2”(%73)(/12'] )

C= (17)

The above procedure is, in general, applicable to other
types of modulating functions as long as the modulating

BETR=0.5
! +¥T ¥
«ty i,
0.0} .‘+*.' LSRN
et MRS e,
oc.8p ¢ o .,
+ ot ‘e a=0.4
2 . .
}\ 07F + ¢ . +4" .‘0
& o.8}h . . + ‘e
N * . "+*a=1.0 ‘.
& 05k . * *.
) : +
— o4.+ * + *
< o - + .
o . y *4 .
‘B 0.3F a=2.0", +,
. + .
B2 P, '.. ++
0.1 F AT
., "'*
° A “ L

0 0 02 0.3 04 0.5 06 07 0.8 0.0 1
Normalized Time, ¢t/ ¢4

(b)

(121

functions are in a normalized form both in time and

intensity such that:
0<m(p<l for 0<r<1 (18)

Wang and Kavazanjian™ also developed the statistics of
the model parameters ¢ and g based on their study of
Northern Californian 122 strong ground motions, of which
74 motions are recorded on soil sites and 48 others are
rock-site recorded. The data is limited to events with
magnitudes of 5.3 to 7.7, and to epicentral distances to the
recording site from 8km and 135km. The statistics is based
on the 5-95% Arias duration(often called significant duration)
of the motion.

4.3 Representation of non-stationary frequency content

Not only the intensity content, but also the frequency
content of earthquake ground motion changes with time.
Due to simplicity, previous researchers have not taken
account of the temporal variation of spectral content of
earthquake ground motion(e.g,, Housner and ]enrlings(4),
Gasparani and Vanmarcke™, Lai®). However, there is a
number of methods for characterizing the temporal variation
of the spectral content of earthquake motion. Simple but
yet efficient approach is to divide the ground motion into
several sections small enough so that stationarity of the
frequency content within each section can be assumed

t**). The proposal

without much error(Saragoni and Har
by Saragoni and Hart® is based on dividing the motion

into three sections of equal time interval as:

3
V() =m(t) 2 (X,(1)
=m(t) i‘, ﬁ_lv 2G(w)Aw sin(w; t;+ 6;)],

=1
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Generation of RMS Hazard-Compatible Artificial Earthquake Ground Motions

In order to avoid the selection of arbitrary number of
divided sections, Der Kiureghian and Crempien® proposed a
procedure, with which the number of sections can be
determined on a theoretical basis. They found that less

than 10 sections are enough in most cases.

NS
Y(#) = m(t) ;(X,-(t,»))
=m(t) §1 i:l\/ 2G(w;)sw sin(w; t;+ 0;)|,

t= Zl t (20

where NS is the number of the sections divided into. One of
the problems of this approach(i.e., discontinuous evolutionary
process) is that frequency content changes abruptly between
each sections of the motion. This study adopts the disconti-
nuous approach, since alternative continuous approaches
(e.g., STOCAL-Il, Wung and Der Kiureghian®™) appear to
be equally problematic in other aspects including their
modeling complexity.

Once the number of sections is determined, the frequency
and damping parameters of Kanai-Tajimi PSD need to be
estimated for each section. Based on the approach by Saragoni
and Hart®, Wang and Kavazanjian(lz) analyzed 80 out of
the same set of 122 earthquake records, which were used to
estimate the modulating function parameters and proposed
the statistics of the parameter. The PSD functions were
obtained from the squared Fourier amplitude F’(w) of
motion records through their well-known relationship and
fitted to smoothened T-K PSD functions to estimate PSD
function parameters w, and ¢, using the spectral moments
method(Lai®). Tung et al® updated the statistics of
modulating and PSD function parameters by including an
additional set of 36 earthquake records from the 1989
Loma Prieta earthquake. These values will be used in this
study.

4.4 Duration of strong ground motion

The duration of strong motion has received relatively
less attention than the intensity and frequency content.
The reason may be partly because the duration has a
relatively small, if any, influence on the response of the
linear system. The duration, however, can have a strong
contribution to earthquake-related damage for the system of
non-linear characteristics, especially for the system consisting
of hysteretic materials.

There have been a number of proposed methods to define
the duration of strong ground motion for engineering

purposes(Bolt”, Trifunac and Brady™, Vanmarcke and
Lai®, McCann and Shah™). The bracketed duration(Bolt™”)
is defined as the time between the first and last exceedances
of the threshold acceleration(usually 0.05g). Trifunac and
Brady(zs) proposed the time interval between the points at
which 5% and 95% of the Arias intensity has been recorded.
Vanmarcke and Lai® suggested the strong motion duration
based on the relationships of the Arias intensity and
power spectral density on a basis of random vibration
theory. The rate of change of cumulative RMS acceleration
has also been used to define the strong motion part of an
accelerogram, which exhibits a consistent RMS level(McCann
and Shah™)It has been known that earthquake magnitude
and distance to site are two most significant factors to
affect the duration of strong motion. Since the time required
for the release of strain energy increases with magnitude,
the duration of strong motion in general increases with
increasing magnitude. Local geology can have influence
on the duration(Chang and Krinitszkym)), as the duration
at soil sites is likely to be longer than rock sites. Several
different relationships(e.g,, Trifunac and Brady™, Dobry et
al.”) have been proposed to estimate the duration of strong
motion as a function of magnitude m, distance 7, and
other factors including local geology as:

Duration= f(m, », etc) (21)

The 5-95% Arias duration(often called significant duration)
is adopted in this study since it is simple to estimate and
provides a clear relationship to RMS hazard. The duration
for 5-95% Arias intensity is nothing but the 5-95% RMS
acceleration’s duration. Fig. 4 shows the variation of 5-95%
Arias duration with respect to the distance and moment
magnitude(Abrahamson and Silva™) that is used in this
study. It should be noted that the 5-95% Arias duration
increases linearly with increasing distance at large distances.
Since acceleration amplitude decease with distance, duration
based on absolute acceleration levels, such as the brac-
keted duration, decreases with increasing distance. On the
other hand the duration based on relative acceleration
levels(i.e., significant duration) increases with increasing

distance.

5. Generation of response spectra matching motions

The aforementioned RMS-hazard compatible procedure
can be extended to generate earthquake ground motions
with the response spectra that match the target response
spectra. Generation of response spectra-matching motions

3 EH=x|zBeE =23
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Fig. 4 Variation of 5-95% Arias duration with respect to the distance and moment magnitude(based on the relationships proposed by

Abrahamson and Siva®)

may be appealing since the seismic design criteria are
usually given in terms of a set of smooth response spectra
(e.g, Newmark et al.®). In order to produce response
spectra-matching motions from the previously described
procedure, it is necessary to estimate PSD functions from
the target response spectra. Gasparini and Vanmarcke™”
proposed a relationship between PSD and response spectra,
which is derived from a random vibration analysis of
linear SDOF systems. The derivation involves the so-called
first-passage problem(e.g., Crandell™”, Corotis et al™),  The
relationship between the response spectrum and the power
spectral density(PSD) function of the ground motion is

given as:

Glw,)=

2 @,
[ o] e
) LI

1
<7r
@i

Where 7., is the peak factor and (S,),, is the peak ac-
celeration response at w; with probability p and duration
s. Eq. (22) yields the median response when p=05. By
beginning at the lowest natural frequency w,, the G(w;)
can be found iteratively from w; to w,. It should be noted
that the relationship between response spectrum S, and
PSD function G(w) is not unique but depends on the
chosen values of the probability p, duration s, and
damping ratio ¢, The motions, which were generated
with this relationship, may need to be further modified to
have their response spectra be matched with the target
response spectrum. The procedure based on this relationship
may therefore be useful for generation of small number of
response spectra-matching motions, not for large number

of motion generations.

6. Example simulation of artificial motion

The purpose of the example analyses is to illustrate the
procedure for the simulation of the RMS-compatible artificial
earthquake motions, and its use in seismic analyses.
Suppose that we are interested in evaluating the risk of
failure of a cohesive slope(Fig. 5} that is located in Berkeley,
California, in the seismically active San Francisco Bay
Area. For the purpose of seismic analyses, the Hayward
fault that is the closest major fault to the site of interest is
considered. The first step in the seismic risk analysis is to
identify sources of earthquake and to estimate probable
hazard levels(e.g, RMS acceleration in this study) at the
site of interest. Seismic hazard analyses, using the empirical
RMS attenuation relationship proposed by Kavazanjian et
al?, are performed with an aid of HAZ20A, a probabilistic
seismic hazard analysis program developed by Abrahamson.™
The computed RMS hazards are shown in Fig. 6. The
computed RMS hazards are de-aggregated into several
intervals of intensity, magnitude, and distance. In order to
generate RMS-compatible ground motion, we need to specify
the frequency content and duration in addition to the
RMS acceleration. We adopt the stochastic ground motion

B3
m 10
9
»
A AN AN
I
;. sample location 5 10m

Fig. 5 Geometry and sample location of a slope with a circular slip
surface
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parameters, which were suggested by Wang and Kavazanjian(n)
and updated by Tung et al.* Tables 1 and 2 summarize
stochastic ground motion parameters selected in this study.
Another strong ground motion parameter, which is im-
portant in the nonlinear deformation analyses, is duration.
The hazard compatible duration can be assigned to each
generated ground motion by mean of de-aggregation of total
hazard into appropriate intervals of earthquake magnitude
and distance to site. Table 3 shows the significant duration
(5-95% Arias duration or 5-95% RMS duration), which is
estimated using the empirical relationship proposed by
Abrahamson and Silva™ Once the intensity, duration, and
frequency content of the ground motion at the site are
determined, RMS hazard-compatible ground motion can be
produced by directly transforming the spectral representation
(Eq. (19)) into the time history by FFT.

Fig. 7 shows a sample motion generated with an aid of
GenMotion, a computer code for generation of artificial
motion written by the author(Kim®™), based on the afore-
mentioned statistics of ground motion parameters. The
amplitude of the time history closely follows the trend of
the modulating function, as it should be. Through their
simulation-based analyses of seismic slope stability with
hazard-compatible artificial motions, Kim™ and Kim and
Sitar™ have shown that the stochastic nature of seismic

loading can be systematically accessed by generating a

Table 1 Power spectral density parameters for rock sites({from Tung

et al®)
Parameter | Distribution Segment 1 | Segment 2 | Segrment 3
" c “ [} 7] c
Wy Gamma | 2357 346 |21.12] 3.60 | 18.38| 3.50
£e Gamma 0.35210.36010.39410.380} 0.417 | 0.162

Table 2 Parameters for modulating function(from Wang and Kavazanjian“z)

Parameter Distribution 7 0
a Rayleigh 0.73 0.45
B Exponential 022 0.18

Table 3 Significant Duration(5-95% Arias duration), estimated based
on the empirical relationship reported by Abrahamson and

Silva™®
Magnitude | Distance(kilometers) | Significant Duration(seconds)

0-10 380

10-20 453

50-60 20-30 6.00
30-50 8.20

50-100 13.33

0-10 9.05

10-20 978

60-70 20-30 125
30-50 13.45

50-100 1858

0-10 17.34

10-20 18.08

70-75 20-30 19.54
30-50 21.74

50-100 2687

0-10 26.76

10-20 27.49

75-80 20-30 28.96
30-50 31.16

50-100 36.29

— Non-stationay Motion
= NModulating functian

{RMS=0.29,:=0.73,4=0.22)

)muwsm# | 'm‘i!gwmvi:.-..., o

Acceleration (g)
(=)

-1 v T T v y v

0 5 10 15 20 25 30 35
Time (sec)

Fig. 7 Sample time history of non-stationary ground motion
(RMS=0.29, a=0.73, 5=0.22, t=30sec)

large series of hazard—compétible ground motions, and by
using them in subsequent response analyses(Fig, 8). It
should be noted that unlike in deterministic analyses, the
results(i.e., Fig. 8) allow us to quantify the risk level, and
can be used as a systematic aid in making decisions.
Detailed description to their analyses is beyond the scope

1.E02
£
= 1.E03
=
=
e 1.E04
: ——— Unconditional approach (spatial variation only)
= 1.EDS ¢ —=a— Unconditional approach twith sampling errof)
o
“_; 1.E06 [ —o— Conditional approach
'§, 1.E07 ﬁ/‘ = =4~ - Deterministic approach (with mean}
= = =x= = Deterministic approach (with mean minus std. dev.)
1.E08 T T — T
0 0.1 0.2 0.3 04 0.5 0.6
RMS (g)

Fig. 8 Marginal annual risk curve{annual probability of failure with
respect to each hazard level)
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of this paper but it can be found in Kim® or Kim and
Sitar.“”

7. Conclusions

RMS acceleration may be one of the best ways to
characterize the intensity of ground shaking, since the
time-variant RMS of the motion is nothing but the mo-
dulation function that defines the shape of ground motion.

The study shows that the RMS procedure is useful for
generation of large number of hazard-compatible motions,
unlike the conventional procedures that aim to generate a
small number of motions that match deterministic targets
such as design response spectra.

Therefore, the procedure is particularly useful for the
rigorous probabilistic seismic response analysis where hundreds
or thousands of ground motions are often required. The
RMS procedure can also be easily extended to take account
of coherencies among motions at different locations in
case where earthquake ground motion is not spatially

invariant.

Acknowledgements

This research was supported in part by the Hyundai
Engineering & Construction Co., Ltd. and by Chancellor’s
Chair funding from the University of California, Berkeley.
The author thanks professor GSitar of University of
California at Berkeley for reviewing the manuscript.

References

1. Lilhanand, K. and Tseng, W. S., “Development and
application of realistic earthquake time histories compatible
with multiple damping response spectra,” Proceedings of
the Ninth World Conference on Earthquake, Tokyo, Japan,
1988, pp. 819-824.

2. Derkiureghian, A. and Crempien, ], “An evolutionary
model for earthquake ground motion,” Structural Safety,
Vol. 6, No. 2-4, 1989, pp. 235-246.

3. Hartzell, S, “Earthquake aftershocks as Greeen’s functions,”
Geophysical Research Letters, Vol. 5, No. 1, 1978, pp. 1-4.

4. Housner, G. W. and Jennings, P. C, “Generation of
artificial earthquakes,” Journal of Engineering Mechanics,
ASCE, Vol. 90, EM1, 1964, pp. 113-150.

5. Shinozuka, M., “Digital simulation of ground accelerations,”
Proceedings of Fifth World Conference on Earthquake Engi-
neering, Rome, Italy, 1973, pp. 2829-2838.

6. Kanai, K., “Semi-empirical formula for the seismic

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

characteristics of the ground,” Bulletin of the Earthquake
Research Institute, Tokyo University, Vol. 35, 1957, pp.
308-325.

. Tajimi, H., “A statistical method of determining the

maximum response of a building structure during an
earthquake,” Proceedings of the Second World Conference on
Earthquake Engineering, Tokyo, 1960, pp. 781-797.

. Crandall, S. H. and Mark, W. D., Random Vibration in

Mechanical Systems, Academic Press, New York, 1963.

. Housner, G. W., “Intensity of ground motion during

strong earthquake,” California Institute of Technology,
Earthquake Research Laboratory, 1952.

Abrahamson, N. and Silva, W., “Empirical response
spectral attenuation relations for shallow crustal earth-
quakes,” Seismological Research Letters, Vol. 68, No. 1,
1997, pp. 94-127.

Housner, G. W., “Measures of severity of earthquake
ground shaking,” Proceedings U.S. National Conference on
Earthquake Engineering, Ann Arbor, Michigan, 1975.
Wang, J. N. and Kavazanjian, J. E, “A nonstationary
probabilistic model for pore pressure development and
site response due to seismic excitation,” Report No. 84,
The John A. Blume Earthquake Engineering Center,
Stanford University, 1987.

McCann, J. M. W.,, “RMS acceleration and duration of
strong ground motion,” Technical Report No. 46, The
John A Blume Earthquake Engineering Center, Stanford
University, 1980.

Arias, A, “A measure of earthquake intensity,” Seismic
Design for Nuclear Power Plants, R ]. Hansen, ed,
MIT Press, Cambridge, Massachusetts, 1970, pp. 438-483.
Kayen, R. E. and Mitchell, J. K, “Assessment of lique-
faction potential during earthquakes by Arias intensity,”
Journal of Geotechnical and Geoenvironmental Engineering,
ASCE, Vol. 123, No. 12, 1997, pp. 1162-1174.

Chang, M., Kwiatowski, H., Nau, R, Oliver, R, and
Pister, K, “ARMA models for earthquake ground
motions,” Earthquake Engineering and Structural Dynamics
Vol. 10, 1982, pp. 651-662.

Shamaras, E., Shinozuka, M., and Tsurui, A., “ARMA
representation of random processes,” Journal of Engineering
Mechanics, ASCE, Vol. 111, No. 3, 1985, pp. 449-461.
Gasparini, D. A. and Vanmarcke, E. H., “Evaluation of
seismic safety of buildings report No. 2: Simulated
earthquake motions compatible with prescribed response
spectra,” Publication No. R76-4, Department of Civil
Engineering, Massachusetts Institute of Technology,
Cambridge, Massachusetts, 1976.

Rice, S. O, “Mathematical analysis of random noise,”

H7H ®M1E (83 293) 2003.2

o

=X TZetE =28 39



Generation of RMS Hazard-Compatible Artificial Earthquake Ground Motions

20

21

22

23

24

25

26

27

28

29

Selected papers on noise and stochastic processes, N. Wax,
ed., Dover Publications, New York, 1954, pp. 133-294.

. Yang, J. N, “On the normality and accuracy of simulated
random processes,” Journal of Sound and Vibration, Vol.
26, No. 3, 1973, pp. 417-428.

. Cooley, ]. W. and Tukey, J. W., “An algorithm for the
machine calculation of complex Fourier series,” Mathe-
matics of Computation, Vol. 19, 1965, pp. 297-301.

. Iyengar, R. N. and Iyengar, K T. S. R, “A nonstationary
random process model for earthquake accelerograms,”
Bulletin of the Seismological Society of America, Vol. 59,
No. 3, 1969, pp. 1163-1188.

. Lai, S. P., “Statistical characterization of strong ground
motions using power spectral density function,” Bulletin
of the Seismological Society of America, Vol. 72, No. 1,
1982, pp. 259-274.

. Saragoni, G. R and Hart, G. C, “Simulation of artificial
earthquakes,” Farthquake Engineering and Structural Dyna-
mics, Vol. 2, 1974, pp. 249-267.

. Wung, C. D. and Der Kiureghian, A, “STOCAL-IL
computer-assisted learning system for stochastic dynamic
analysis of structures, Part I — theory and development,”
Report No. UCB/SEMM-89/10, Department of Civil
Engineering, University of California at Berkeley, Berkeley,
California, 1989.

. Tung, A. T. Y, Kiremidjian, A. S, Wang, J. N., and
Kavazanjian, ]. E., “Statistical parameters of AM and
PSD functions for the generation of site-specific strong
ground motions,” Proceedings of the Tenth World Conference
on Earthquake Engineering, 1992.

. Bolt, B. A, "Duration of strong ground motion,” Pro-
ceedings of the Fourth World Conference on Earthquake
Engineering, Santiago, Chile, 1969, pp. 1304-1315.

. Trifunac, M. D. and Brady, A. G, “A study of the
duration of strong earthquake ground motion,” Bulletin
of the Seismological Society of America, Vol. 65, 1975, pp.
581-626.

. Vanmarcke, E. H. and Lai, 5. P, “Strong motion
duration and RMS amplitude of earthquake records,”
Bulletin of the Seismological Society of America, Vol. 70,
1980, pp. 1293-1307.

30.

31

32,

33.

4.

35.

36.

38.

39.

40.

McCann, J. M. W. and Shah, H. C, “Determining
strong motion duration of earthquakes,” Bulletin of the
Seismological Society of America, Vol. 69, No. 4, 1979,
pp. 1253-1265.

Chang, F. K. and Krinitzsky, E. L., “Duration, spectral
content, and predominant period of strong motion earth-
quake records form western United States,” Miscellaneous
Paper 5-73-1, U. S. Army Corps of Engineers Waterways
Experiment Station, Vicksburg, Mississippi, 1977.
Dobry, R, Idriss, I. M., and Ng, E.,, “Duration char-
acteristics of Horizontal components of strong-motion
earthquake records,” Bulletin of the Seismological Society of
America, Vol. 68, No. 5, 1978, pp. 1487-1520.
Abrahamson, N. and Silva, W., “Empirical ground
motion models,” Draft Report, Brookhaven National
Laboratory, 1996.

Newmark, N. M, Blume, J. A, and Kapur, K. K,
“Seismic design spectra for nuclear power plants,”
Journal of Power Division, ASCE, Vol. 99, No. P02, 1973,
pp. 287-303.

Crandall, 5. H., “First crossing probabilities of the
linear oscillator,” Journal of Sound and Vibration, Vol. 12,
1970, pp. 285-300.

Corotis, R, Vanmarcke, E. H, and Cornell, C. A,
“First passage of nonstationary random processes,”
Journal of Engineering Mechanics, ASCE, Vol. 98, EM2,
1972, pp. 401-414.

. Kavazanjian, J., E., Echezuria, H,, and McCarm, ]. M.

W., “RMS acceleration hazard for San Francisco,” Soil
Dynamics and Earthquake Engineering, Vol. 4, No. 3,
1985, pp. 106-123.

Abrahamson, N., “Draft hazard code documentation
for HAZ20A,” Personal Communication, 1999.

Kim, J.,, “Probabilistic Approach to Evaluation of Earth-
quake-Induced Permanent Deformation of Slopes,” Ph.D.
Dissertation, University of California at Berkeley,
California, 2001.

Kim, J. and Sitar, N.
seismically-induced permanent deformation of slopes,”

“Probabilistic evaluation of

Journal of Geotechnical and Geoenvironmental Engineering,
ASCE, 2002, submitted for publication.

o
Hl
A
]
Ol
Lo
ol
rr
il
ik}

H7# HM1s (82 HM295) 20032



