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A two dimensional nonstationary optimized accelerogram scaled
for magnitude, distance and soil conditions
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ABSTRACT: An analytical model is presented that allows the simultaneous description of the nonstationary
characteristics of the horizontal ground shaking in 2 directions. The parameters of this model are scaled for
different soil conditions, epicentral distances and magnitudes from a statistical analysis of 411 worldwide data,
leading to 45 different classes. Finally, realistic nonstationary optimized accelerograms are generated for each
class.

1 INTRODUCTION 2 OPTIMIZED SPECTRUM

During an earthquake, the characteristics of strong
ground motions are influenced by the rupture process of
the fault and its size, the travel path of the seismic
waves from the source to the receiver, and the local site
conditions. These different aspects of the earthquake
process affect the nonstationary contents of the recorded
accelerograms, in both time and frequency domains.
The aim of this study is to develop an evolutionary L
spectrum model accounting for the site conditions,
epicentral distance and magnitude, and then to generate
realistic accelerograms using the scaled modcls. For this
purpose, a statistical investigation is made using a A
worldwide strong motion data set. The physical ‘A‘{A
spectrum (Mark (1970)) is used as a tool to describe the L ALY LN
nonstationary frequency content of the accelerograms. L J vy U‘W
Taking in account the horizontal recorded ground ¢ - * !
accelerations, we first compute the optimized physical <. .L
spectra (the maximized and minimized ones), in order to
recover the upper and lower bounds of the seismic .
shaking power, characterizing in this way the two  Fig. 1 Gaussian - shaped spectrum PM (f,1) and its
orthogonal components at the site. Then, at each instant, ~ freauency parameters. Pxx(f.t) the optimized spectrum
each of the optimized spectra are compared with a
gaussian-shaped one, and fitted with three paramters
O(t): the centroid of the spectrum, wS(t): the dispersion
of the spectrum around its centroid (see Figure 1) and i o oncidere the acceleration component x(t), its
o(t): the ratio factor which made the evolutionary  physical spectrum is defined as:
spectrum energy to be equal to the gauss curve area at
each instant. The data are divided in 45 different classes -
taking into account soil conditions S, epicentral distance _ -j2nfs
R ung magnitude values M, and the variations of the PV _(f w(t-s) x(s) e ds
non-stationary parameters with §, R, and M, are -
investigated. Making use of the scaled spectrum models
coupled with various phase angle distributions,  where f and t represent the frequency and time variables

synthetic ground accelerations are constructed for each  and s a dummy variable. w(t) is a running time
class. window, its functional form is
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2.1 The physical spectrum
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w(t) = 2 OV 21 exp {-(Zrcct) ] )
The controlling parameter ¢ is related to the deviation D
(half distance between inflexion points) as

2

4nc (3)
D is chosen as
D =N dt V{2 Log(2)) (4)
with N = 128 and dt = 0.02 sec for filtered

accelerogram band-width of 0.07-25 Hz (Tiliouine and
Azevedo (1984)).

2.2 The optimized physical spectrum

Let us consider the rotation by some angle 8 of the two
original horizontal accelerograms a(t) and b(t) recorded
in the horizontal plane. We define the optimized
physical spectra P, (f,1) and P (f,t) and a new set of
accelerograms x(t) and y(t) by

PLy(f.0) = Po(f.0) cos (B ) + Puy(fD) sin“(8,) +
+ 2P (f.1) sin(@ ) cos(B )

(5)
P, (f,0) = P(fi0) sinz(ec,) +Pyy(fiD) 0052(93,) -
- 2P,(f,1) sin(8 ) cos(6 ) (6)
_ 1 -1 2 Pab(f'[)
60,(f,t) = -2— atan (“P“(f’[) _ Pbb(f,[)) (7

where 0..(f,t) are the critical directions along which the
seismic waves are polarized at each instant and
evaluated in order to have P, (f,t) as the maximized
physical specorum and P, (£.) as the minimized one.
P, (f.1) and Pyy(ft) are the physical spectra of original
recorded components a(t) and b(t), P, (f,t) is the cross-
spectrum of a(t) and b(t). It can be noted that 8 (f,t) is
frequency and time dependent.

The selected model will be scaled to fit P,,(f,t) and

Py (f,0.
3 THE EVOLUTIONARY SPECTRUM MODEL
3.1. expression of the mbdel

The model selected to describe the frequency content is
of Gaussian shape, and is expressed as follows:

2

0
P(w,1) = a(t)s ex ; ___m-o; ©
V2r w (1) W ()

(8)
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where ©O(t), ©S(t) are the time varying parameters,
defined with the use of the so-called spectral mqmcnlij
(Vanmark (1972)), named respectively the centroid an

the dispersion of the energy centred on the centroid Cf

the spectrum at the time t. The parameter a(t) is the ratio
which ensure the recovery of the original energy under
the gaussian curve at each time 1nstant. Indeed, if we
consider the evolutionary spectrum P, (1) of x(t),

then o(t) value is computed as:

s P, (o)
o(t) =210 ® exnl -

Before carrying out the calculation of the parameters at
each time step, a normalization is made so that, the
physical spectrum values of each accelerogram were
adjusted taking the peak value as unity.
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4 REPARTITION AND PROCESSING OF THE
DATA

4.1 Selected classes of the data

The method developed previously is applied to a large
number (411) of strong motion data recorded in Italy,
California, Salvador, Chile, Mexico, Japan and Algeria
corresponding to various magnitudes, epicentral
distances and site conditions. This data set is divided
into 45 different classes, corresponding to 5 magnitude
ranges mi to m3 (m1<4.5,4.5<m2<5.5,5.5<m3<
6.5, 6.5 <m4 £7.5, mS >7.5), 3 distance ranges d1 to
d3 as shown in Table 1, and 3 site categories sO to
s2(s0 = rock, sl = stiff soil and s2 = soft soil). Table 2
shows the detail of this selection for each class.

Table 1. Distance ranges

dl d2 d2
m | <10 10 - 20 > 20
m 2 <15 15 - 30 > 30
m 3 <20 20 - 40 > 40
m 4 <25 25 - 50 > 50
m 5 <30 30 - 60 > 60
Table 2. Repartition of the data.
SO S1 S2
d1 [d2 [d3 |{d1 [d2 [d3 ||d1 [d2 [d3
ml |08 J07 [02 ][05 [05 [09 |[05 [07 |01
m2 15105 {02 {08 {07 [08 |13 102 [11
m3 32106 {17 108 [11 [08 237119 (17
mé 14 105 {15 [{07 [29 [23 J04 18 |1
mS --- |- [03 }f--- 102 J0O9 |--- |--- 103
total 1)169 [23 139 |[28 |54 |57 |[45 {46 [50
total 2 131 139 141




4.2 Data Processing

First, the data have been corrected following the
procedure developed by Trifunac and Lee (1973). For a
given class, the mean duration of the strong motion is
evaluated after making use of the method described in
Mc Cann and Shah (1979) at each accelerogram lying in
this class. The accelerograms of each class are
superimposed in the way of obtaining a coincidence
between all the onsets of the strong motion sections.
Thus, the first arrivals duration of each accelerogram is
considered as the portion located before the beginning
of the strong motion one, and the end part of the
accelerogram is the one situated after the mean strong
motion duration part. The mean duration of both of the
latter parts (before and after the strong motion one) is
also performed. In this way, the analysed class is
represented by an accelerogram wich have as total
duration, the sum of the mean durations of every one of
the three sections. The procedure described in sections 2
and 3 are then applied to each accelerogram in order to
compute its corresponding model parameter values at
each instant .

5 STATISTICAL EVALUATION OF THE MODEL
PARAMETERS

For each class, a statistical evaluation is performed in
order to determine the mean and the 90 percentile
values of the parameters (WO(t), @Sy (), apm(t) and

WO%(1), wS4(1), ag(t) respectively) at each time instant.
The statistical evaluation for the centroid is performed in
the following way

0 I N 0
wM(‘)=ﬁ2wl([)
i=1 (10)
1
212
0 | N( 0 0
(l)c(i)= N—:T; wi([)—mM([))
i= (11)
0 0 0
ws([)zmM([)+kwc([) (12)
[C
k =
= (13)

where N is the number of accelerograms of the
considered class of (site, distance, magnitude), and tc is
the coefficient related to the student distribution. The
same procedure is used in order to compute the values

of WSy (1),apm(1), wSg(t) and ag(t) . Two types of

modelized physical spectra Py(w,t) and Pg(w,t) are
obtained with these statistical evaluations:
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Figure 2 shows the modelized physical spectra
computed with the mean values of the frequency
parameters for the sOd1m4 class.

(Sx)max = 1.22 E+04 cm?2/ sec3
for f=3.7Hz att=10.4 sec

cem? / secd

(Sx)max = 1579.5 cm2 / sec3
for f =3.7 Hz att = 10.4 sec

Fig. 2 Evolutionary spectra modelized for sOd1m4 class
a) Maximized evolutionary spectrum (mean value of the
frequency parameters)
b) Minimized evolutionary spectrum (mean value of the
frequency parameters)



6 RESULTS
6.1 Peak spectrum

The peak spectrum for a given class is defined as the
mean of the maximum values of the physical spectra of
the corresponding data. Table 3 shows these values for
each class. There is a clear trend to a increase with
magnitude, this clear trend diminishes for distance d3
for which this increasing character remains only for site
s0. On other hund, the peak spectrum value diminishes
as the distance increases. This trend is less emphasized
for the small magnitudes mi<4.5.

Table 3. Peak spectrum values (103 cm2/sec3).

SO S1 S2
dl [d2 [d3 |{dl |d2 [d3 |{dl |d2 [d3
m! [[0.1270.05]0.02][0.21]0.03 ]0.20]/0.14 [0.10 ] 2.93
m2 10101048 T0.55)2.72]1.04 [0.15] 2.93(0.09 | 0.50
m3 |[3.27]0.69[0.17][437]1.11]1.75]/2.55[0.72]0.34
m4 [[12.2[4.36 [0.55][10.6]2.55[1.09(/8.93[4.74 | 1.58
m3 ||--- |--- J1a3|f--- J10.5]1.50{--- |--- [3.58

6.2 Duration of the strong motion parts

The dependency of the duration with the distance is
raduced by Table 4, Far stations are characterized by
longer durations which are caused by the slow travelling
waves trains which arrive late at these stations. This
clear trend diminishes for small magnitudes ml
corresponding to very short events. It can be also seen
that duration increases with increasing magnitudes. The
effect of soils types on duration is traduced by motions
on rock sites which have smaller duration than those
recorded on soils, this affirmation is less emphasized
for near-field stations.

Table 4. Duration of the strong motion parts (sec.).
SO S1 S2

dl |d2 [d3 |[dl |d2 [d3 ||dl [d2 [d3

ml 4.3 Ta4 [5.1 |[54 [3.6 [34 |[59 [55 |1.6

m2 |[4.5 [4.8 [8.5 |{59 [8.1 [176][7.4 [108]144
m3 |[8.4 [11.7]19.7][5.5 |12.6[230][124] 17.5 | 18.1
md 111.8]17.0[19.8][94 [16.9]253]11.0{16.0]22.8
md || --- J--- 489\ --- |33.0]515)-—- |--- J41.7

6.3 Frequency parameters variations

In order to swudy their variations, the values of the
central frequency w© and the dispersion S are
calculated at the instant corresponding to the maximum
energy (the higher value of the area under the gauss
curve) of the optimized spectrum PM(e,1) of each class.
The results are reported in Tables 5 and 6.

6.3.1 the centroid w©

The seismologist formulation on the frequency
variation is well supported by Table 5 which shows a
clear decrease of the central frequency with increasing
magnitude. On another hand, the site effect is
characterized by higher frequencies on rock sites, this
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fact is more emphasized for higher magnitudes and far
sites.

Table 5. Central frequency variations (Hz).
0 S1 S2

dl [d2 [d3 {{dl [d2 [d3 |[dl |d2 [d3
ml |[6.2 [6.5 [46 |[5.6 |68 |48 |[54 |70 |55
m2 |[4.7 [7.2 [7.8 |[4.7 [58 [89 |[42 |62 |57
m3 |{4.4 [54 87 |45 |5.1 |54 ||4.5 |39 |39
ma |[3.5 |3.6 14.8 ||45 [2.7 |27 ||47 |33 |29
mS |[--- |--- 24 ||--- [32 [45 ||--- |--- |13

6.3.2 the dispersion wS

[t can be seen in Table 6 that the variations of the
dispersion are not very important for the near field
regions (distance d1) but the fluctuations becomes more
and more important as the distance increases (distance
d2 and d3).

Table 6. Frequency dispersion variations (Hz).

S1 S2

dl |d2 |d3 j{dl [d2 [d3 |[dl |d2 |d3
ml 126 |28 |22 {{29 |3.0 |2.2 |{3.1 |38 |20
m2 ||24 {34 |27 |28 [2.8 {3.8 |{3.1 {33 |3.1
m3 2.8 {3.1 {43 (2.5 [3.1 [34 {{3.1 {23 |24
m4 [[2.8 [24 [2.6 [{3.0 [1.7 [1.9 [{3.0 |23 |1.9
mS f|--- |--- [1.1 {--- ]3.1 3.0 j--- j--- 0.1

-365.2 cm / sec2 at t = 9.7 sec

max =

a)

sol max =-131.7 cm/ sec2 at t = 9.6 sec
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Fig. 3 Simulated accelerograms for sOd1m4 class

a) Maximized simulated accelerogram (mean value of
the frequency parameters)

b) Minimized simulated accelerogram (mean value of the
frequency parameters)

7 CONCLUSIONS

The statistical investigations developed herein, allow us



to have a simple description of the nonstationary content
of the accelerograms via only two frequency parameters

(0O(1), wS(1)) and one energy parameter (o.(t)). The
parameters have shown to depend on earthquake size,
travel path and site conditions. It seems then very
important to carry out other investigations which deal
with the study of the effect of this nonstationarity on
nonlinear structures. That is in fact the following step
that we will consider.
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