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ABSTRACT

Stochastic earthquake motion models are developed that are a combination 
of nonstationary random process model for the basement rock level scaled 
for earthquake magnitude and distance and the soil amplification model 
taking into account the nonlinear response of overlying soil layers. The 
usefulness of the model is demonstrated by two example-:. engineering 
applications: (1) a closed-form random vibration solution for the site- 
dependent response spectra, and (2) simulation of risk-consistent 
earthquake motions.

1. INTRODUCTION

Stochastic ground motion models are a powerful tool for probabilistic 
assessment of seismic hazard and structural response. Pioneering works 
in this area used stationary process models (Housner and Jennings 1964). 
They were extended to models with nonstationary variation of rms 
intensity (Shinozuka and Sato 1967, Amin and Ang 1968, Goto and Toki 
1968, Iyengar and Iyengar 1968, Jennings and Housner 1969, Ruiz and 
Penzien 1971, etc.). Because of their nature with nonstationary 
variation of intensity and stationary frequency content, such models will 
be referred to as "amplitude modulated process models."

The amplitude-modulated process models apply successfully to a broad 
class of random variation of structural response. However, there are 
cases where they fail to be valid, particularly when inelastic response 
is involved (Kameda 1977). This requires "evolutionary process models," 
with evolutionary power spectra (Priestley 1965, Kameda 1975).

As earthquake motions to take place "in the future" is of our major 
engineering concern, the stochastic ground motion models should be 
composed of physically justifiable model parameters and should be scaled 
for source-site parameters that can be estimated for future earthquakes, 
typically, magnitude and epicentral distance. An evolutionary process 
model was developed for simulation of ground motions scaled for 
magnitude, epicentral distance, and local soil conditions (Kameda,

*Basic concepts of this study were presented in the RILEM symposium 
on Stochastic Methods in Materials and structural Engineering, Los 
Angeles, April 1986.
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Sugito and Asamura 1980). An alternative evolutionary process model was 
developed to deal with ground motions on rock surface (Kameda and Sugito 
1984), which will be a basis for the rock surface motion model developed 
in this study.

There is a significant nonlinearity in the soil amplification of 
earthquake motions by surface layers overlying the bedrock. This aspect 
was evaluated by using a simple conversion model (Kameda and Sugito 1985) 
for peak ground motions. This concept was extended to the intensity 
parameter of the evolutionary process model (Sugito, Kameda, et.al.
1986). It will be implemented in the analysis in the following chapters.

It is important to formulate the stochastic earthquake motion models in 
a way that is convenient for engineering application. The models 
developed herein have been designed in such a direction, and yet without 
losing its physical basis and data-based nature. On this basis, various 
useful engineering applications can be developed for probabilistic 
assessment of seismic hazard and structural response.
Their typical examples are shown in 4. and 5.

2. EVOLUTIONARY PROCESS MODEL OF STOCHASTIC EARTHQUAKE MOTIONS ON 
ROCK SURFACE

A prediction model for free rock surface motions is developed. The free 
rock surface motion herein means the earthquake motion that should take 
place on the surface of the bed rock when overlying soil deposits are 
hypothetically removed. The definition of bed rock herein is that with 
shear wave velocities of 600—700 m/sec.

Kameda and Sugito (1984), and Sugito and Kameda (1985) proposed a 
stochastic ground motion model for rock surface. The model was developed 
to provide an evolutionary spectrum of the rock surface motion where the 
peak rms intensity, the starting time, and the duration, which are 
frequency dependent, were defined as functions of earthquake magnitude 
and epicentral distance. As those models were formulated empirically by 
using best-fitting functions that are not necessarily convenient for 
analytical treatments, they have been remodeled (Kameda, Ueda and Nojima 
1986) by using the spectral functions represented in terms of rational 
functions for the convenience of engineering applications. This modified 
model is explained in the following, and will be used throughout this 
study.

The nonstationary earthquake acceleration is represented by 
m

x(t) - 2A/2G(t,k)Ac-cos(kt+@k) (1)
k-1

in which G(W,t) = nonstationary power spectrum for time t and angular 
frequency W, O = independent random phase angles distributed uniformly 
over 0/27, and m = number of superposed harmonic component.

2.1 Evolutionary process model

The evolutionary spectrum G (t,27f) for the rock surface motion model is 
represented by

Gr(t,2xf) - Y2a/(t)Gnr(t,2rf) (2)

where
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{f/fp(t)}22g(t)Gnr(t,27f) -
n2fp(t) [1-{f/fp(t)12]2+48(t){f/fp(t)12

(3)

in which Y = peak RMS intensity, 0(t) = normalized mean-square intensity 
variation, G (t,21f) = normalized nonstationary frequency content, f (t) 
= time-dependent predominant frequency, and 3 (t) = time-dependent P 
spectral shape parameter. The time-dependent"parameters a(t), f (t) and
8 (t) have been modeled by 
9

a/(t) - (t/t.)2 exp {2(l-t/tm)} (4)
fp(t) - fpo+Ai(t-t.)( g(t) - 89o+Bi(t-tm)

3 .= 3 (t )
fofRulas Form

where t = value of t at which &e(t) = I, f o = f (t),
and A, and B, are time-independent constants?0 Emp?rical 
these model parameters have been developed, and are shown in Table 1.

Table 1. Empirical formulas for determining model parameters for 
rock surface motions

logy - 1.950+0.5371 M-1.991 log (A+30.0) (5)

t. - 19.77-7.35-M+0.719-M2+0.0023(M-1)-A (6)

fpo - 4.124+(0.0115-0.0048-M+0.000272-M2)A

+ (-0.7959+0.2577-M-0.01743-M2) ■ 10-4 A (7)

go - -0.2306+0.2967M-0.0174M2

+ (-0.0193+0.0049-M-0.0003-M2) A (8)

. -11 .76+3.187M-0.2158M2 ; Ms7.5
A| " \ 0 ; M>7.5 (9)

log Bi - -0.02160-0.5713(A+30.0)

fpmin - 6.78-10-0 IN

(10)

(11)
Ao(M) - 1.06-100.242" -30.0 (12)

The limiting epicentral distance A (M) in Eq.(12) represents the 
boundary of the epicentral region, within which it is assumed as first 
order approximation that the ground motion is uniform.

Kanai-Tajimi type spectral function (Tajimi 1960) has been used 
widely to represent ground motion characteristics, as it permits 
straightfoward interpretation as absolute acceleration response of a 
simple oscillator to white noise input. Although the Kanai-Tajimi 
spectrum is a good model to represent over-all characteristics of 
earthquake motions, it fails to be realistic in low frequency regions 
as it does not vanish at zero frequency. It has been found out that 
the velocity response type spectrum function matches much better with 
the rock surface motion model proposed by Kameda and Sugito (1984). 
For this reason, the spectrum function given by Eq. (3) is employed 
throughout this study.

2.2 Amplitude-modulated process model (AMPM)

If the time-dependent model parameters f (t) and 3 (t) are replaced by

329



their values at t 
model with

then we have an amplitude-modulated process

G(t,2xf) - Y2af(t)Gnr(tm,2xf) (13)

with

fp(t) = fp(tn) = f po 
g(t) = g(tm) = go (14)

In this case, the intensity function C,(t) is the only time-varying model 
parameter.

From Eq.(9), it is pointed out that as the earthquake magnitude M 
increases the predominant frequency f (t) becomes less time dependent in 
which case the amplitude-modulated process model is justified.

2.3 Stationary process model

Further simplification leads to a stationary process model:

Gr(t,2mf) = Gr(2mf) - Y2Gn(tm,2nf) (15)

Using a stationary process model 
disadvantage, as the ground motion 
arbitrary parameter. However, one 
simplicity, as in 4.

for earthquake motion causes a 
duration is involved as an
can enjoy in return its analytical

t , m

3. IMPLEMENTATION OF NONLINEAR SOIL AMPLIFICATION

3.1 Formulation of the conversion factor

On the basis of the stochastic earthquake motion model for rock sur­
face, the earthquake motions on the surface of the overlying ground is 
evaluated by using a simple conversion factor Bp(f); i.e., the 
evolutionary spectrum of the ground surface motion is represented by

G,(t,2xf) - {R(f )2 G(t,2xf) (16)

Herein the conversion factor is modeled by the following rational 
function of frequency f.

BR(F) —1+2aff/f,2
{1-(f/fs)22+4h2(f/f,)2

(17)

Eq.(17) involves three parameters a, f , and h which will be 
determined from the site parameters and the spectral intensity of the 
input rock surface motion by taking account of the nonlinear soil 
amplification effect.

3.2 Site parameters

The following two site parameters are used (Kameda and Sugito, 1985).

(i) soil softness S defined by Kameda, Sugito and Goto (1982): 

rd,Sn - 0.264 exp {-0.04N(x)} exp (-0.14x)dx-0.885 (18)
JQ
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in which N(x) = SPT blow count at depth x (in meters), and d. = 
total depth of the blow count profile, and

(ii) depth d (in meters) of the upper boundary of the bed rock.

The soil softness parameter S characterizes the soil properties 
within a depth of IS^Om from the ground surface, with S =1 for 
N(x)=0, S =0 for N(x)=17, and S = -0.4 for N(x)=50.
The base rock depth d will explain the effect of deeper part of the 
soil layers where detailed soil data are difficult to obtain. The 
combined use of S and d will maximize the utilization of soil data 
that are commonlyavailable from engineering construction sites.

3.3 Evaluation of the model parameters

Nonlinear soil amplification was implemented by Kameda and Sugito 
(1985) in the conversion factor for peak ground motions in a simple 
function of S , d and the input rock motion. The same concept was 
extended, andnthe^conversion factor Sa for the square-root of the peak
value of the evolutionary spectrum along the time for each frequency 
has been formulated by Sugito, Kameda et.al (1986). The results were 
given in a tabular form for individual frequencies. By applying 
them to the functional form of Eq.(16), the following procedure for 
determining the model parameters a, f and h is developed.

fs _f 2f22fa2f 281(82-3)+f2282(33-1)+fa2B3(8-2) 
f 2f22(1-3) (1-2) +f22f32(1-1) (32-83)+f32f 2(1-2) (33-81)

1/4
(19)

hs -/2c8?-2y®* 836) • a /8"ho X2)

where

1 f 2 f 2
x. - 1-1(1-^)^ - 22 ; i=i.2

— I i —Is

(20)

(21)

in which B. ; j=l,2,3, is the value of Bo(f) at a specified frequency 
f = f.. 3

The value of Bo(f) is determined from

/10T{~/G,(tm,2nf)}™% ; A/Gr(tm,2mf) 2 are(f) (10To{Nre(f)" } ; A/Gr(tm,2mf) < are(f)
(22)

in which r = effect of linear amplification, C Q, x

nonlinear amplification, which are given by
and r = effect of LC

roa - roa(f) - Uoo(f)+Uo1(f)Sn+Uo2(f) log dp
Pla - ria(f) - U10(f)+Ull(f)Sn+Ul2(f) log dp

(23)

The coefficients on the right-hand side of Eqs.(23) are listed in 
Table 2. Note that U,o U1, U12 vanish for frequencies below 1 Hz; 
i.e., the nonlinearity of soil amplification is accounted for only in 
the higher frequency region above 1 Hz. This does not preclude the 
possibility of nonlinear amplification at low frequencies, but its 
evaluation will require additional site data to include even deeper
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Table 2. Coefficients for estimation of conversion factor 3 
a

/(Hz) MOO MQI MO2 M10 | " 1 112

0.13 0.0 0. 006 0-0 0.0 0.0 0-0
0.19 -0. 073 0. 007 0. 071 0.0 0.0 0.0

0.25 -0. 169 0. 008 0.156 0.0 0.0 0.0

0.31 -0. 201 0. 040 0.198 0.0 0.0 0.0

0. 37 -0.212 0. 069 0. 222 0.0 0.0 0.0
0. 43 -0. 202 0. 083 0.231 0.0 0.0 0.0
0.49 -0.192 0. 098 0.236 0.0 0.0 0.0
0.55 -0.168 0.110 0.230 ! 0.0 0.0 0.0
0.61 -0.151 0.121 0. 227 0.0 0.0 0.0
0.67 -0.130 0.135 0.218 0.0 0.0 0.0
0.73 -0.115 0.139 0. 216 0.0 0.0 0.0
0. 79 -0.104 0.149 0.212 0.0 0.0 0.0
0. 85 -0. 083 0. 156 0. 203 0.0 o.o 0.0
0.91 -0. 061 0.162 0.194 0.0 0.0 0.0
1.03 -0. 035 0.178 0.184 0-0 0.0 0.0
1.21 0.0 0.195 0.171 -0.002 -0.010 -0. 002
1. 45 0.032 0. 256 0.160 -0. 004 -0.103 -0. 004
1. 75 0. 087 0. 322 0.148 -0.010 -0.206 -0.019
2.11 0.158 0.348 0.130 -0.015 -0.262 -0.048
2. 53 0.236 0.330 0.118 -0.023 -0.283 -0. 086
3.01 0.318 0.254 0.104 -0.035 -0. 266 -0.125
3. 55 0.389 0.150 0. 087 -0.055 -0.228 -0.155
4.15 0.452 0.0 0.067 -0.089 -0.152 -0.176
4. 81 0.482 -0.128 0.054 -0.155 -0.114 -0.164
5. 53 0.507 -0.218 0. 031 -0.239 -0. 072 -0.144
6. 25 0.527 -0. 284 0. 002 -0.295 -0. 053 -0.130
7. 03 0. 540 -0. 342 -0.026 -0.350 -0.040 -0.119
7.87 0.559 -0. 401 -0.054 -0.401 -0. 030 -0.105
8. 77 0.560 -0. 468 -0.075 -0.441 -0.024 -0.095

10. 03 0.552 -0. 555 -0.100 -0. 500 -0. 020 -0.072

part of the grounds.

The rock motion intensity Q (f) separating the regions of linear 
amplification and nonlinear amplification is determined from

Nre(f) - 10(g+lS»)
where

lo - 1.135-0.6431ogf+2.256( log f)2-2.913( logf)3

11 - -0.350+0.2861ogf-4.960( logf)2+4.888( logf)3
(25)

Fig.l shows the conversion factor Bp(f) determined from Eq.(17) for 
different combinations of the site parameters S and d and different 
combinations of the earthquake magnitude M and She epicentral 
distance A . Observe the nonlinear soil amplification effects in the 
different values of 8(f) for same S , d but different M, △ values.

R n p

4. APPLICATION-I: RANDOM VIBRATION SOLUTION FOR ATTENUATION OF SITE­
DEPENDENT RESPONSE SPECTRUM

The stochastic earthquake motion model developed in the previous 
chapters can be easily applied to random vibration analysis, and the 
spectral moments of linear structural response are obtained 
analytically. They can be combined with the response spectrum method 
developed by Der-Kiureghian (1980).
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Sn=-0.1, dp=50m

Sn=0.6, d,=150m

Sn=-0.1, dp=50m

Sn=0.6, dp=150m •

(a)M=6, A=4Okm (b)M=8, A=150km

0. 1 
0.1 0.3 10

FREQUENCY CHZ) FREQUENCY CHZ)

Fig.l Spectral conversion factor

In this manner, a closed-form random vibration solution for the 
attenuation of response spectra has been obtained. The solution 
provides a site dependent response spectra with nonlinear soil 
amplification that was incorporated in the ground motion model.

Thus the random vibration solution has been obtained (Kimura and
Kameda, 1987). Its result is a lengthy formula, but can ben evaluated 
exactly and esily, once its computer code is implemented.

Fig.2 shows a numerical result of mean response spectra for given 
values of M,A , S and d . They are compared with the empirical results 
developed by Sugito, Kameda, Goto and Hirose (1986). Fig.3 shows 
theoretical results of the uncertainties of the response spectra in terms 
of the coefficient of variation. They are compared with the results 
derived from statistical analysis of strong motion data. Observe that 
the theoretical uncertainty with a deterministic excitation intensity is 
much smaller than the data-based uncertainty from the strong motion data, 
whereas the total uncertainty by considering an uncertain excitation 
intensity (the value 6^ =0.427 has been determined on the basis of Kameda 
and Sugito (1985)) agrees fairly well, particularly in the period range 
below 3 seconds.

5. APPLICATION-II: SIMULATION OF RISK-CONSISTENT EARTHQUAKE GROUND 
MOTIONS

In engineering application of the stochastic ground motion model, 
determination of its model parameters is an important question. 
Probabilistic seismic hazard analysis is an established powerful tool for 
assessment of the characteristics of earthquake motions in future. 
However, the conventional probabilistic seismic hazard analysis deals 
only with a single intensity parameter, and does not apply to 
simultaneous determination of several parameters characterizing the 
ground motion.

In order to solve this problem, Kameda, Ueda and Nojima has proposed a 
method to determine all ground motion parameters needed for simulation on 
a consistent probabilistic basis. It enables one to simulate risk- 
consistent ground motions. The details of the method are presented 
elsewhere (Kameda, Ueda and Nojima 1986). Its outline is as follows.

The earthquake ground motion model developed in 2. requires one to
determine its peak rms intensity Y
f , and spectral shape parameter B

, duration t , predominant frequency
, which are all defined as functions 

g
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Fig.2 Mean response spectra (solid
dashed line: empirical formula; M=8,A=62km)

line: random vibration solution.

strong motion data

excitation intensity

deterministic 
uncertain

theoretical

(6V=0.427)

NATURAL PERIOD (SEC)

Fig.3 Uncertainties of response spectra

of M and Aby Eqs. (4) (6), or Eqs. (5) (8). As M and A are treated as 
random variables in probabilistic seismic risk analysis, all these 
parameters should also be treated as random variables.

With this notion, the intensity parameter Y is first determined from 
the conventional seismic hazard analysis; i.e., the value of Y is 
determined as Y (p ), a function of the annual probability of exceedence 
p. Then other parameters, t , f and 3 are determined as conditional
O m p q

mean values given that YY (p ). If these parameters are commonly 
denoted by G, their estimates are defined by

G(po) - E[G/Y>Y(P)] (26)
In this manner, one can avoid the excessive complexity of dealing with 
the joint probability function of these parameters, and determine all of 
them as functions of p only. Using the parameters determined in this 
way, risk-consistent ground motions can be generated for an aribtrary 
value of p . Fig.3 shows simulated risk-consistent ground motions for 
Tokyo, for p =0.005 (or return period of 200 years), and for various soil 
conditions.
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DATASET= Tokyo 
6- 0.0
T, - 200.0

Y - 202.7
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0.00 20.00 40.00 60.00
TIME (SEC)
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-42.0
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Vmax=36.3 (KINE)
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Vmax=-33.8 (MINE)
Dmax” -4.4_ _ (CM)
(111) firm ground

o
8

8

V

Fig.4 Simulated risk-consistent earthquake ground motions
(po=0.005; Tokyo)

6. CONCLUSIONS

Following conclusions may be derived from this study.
1) Stochastic earthquake motion models for rock surface motions have been 
developed. The basic model incorporates evolutionary spectrum.
An equivalent amplitude-modulated process model and an equivalent 
stationary process model has also been proposed. All spectral functions 
are represented by rational functions that are convenient for random 
vibration application.
2) A conversion factor incorporating nonlinear soil amplification has 
been proposed to transform the spectral function of the rock surface 
motion to that of the ground suface motion. It is also defined in terms 
of a rational function of the frequency.
3) Two example applications of the models developed herein have been 
presented. One is a closed-form random vibration solution for site­
dependent response spectra, and the other is simulation of risk- 
consistent earthquake ground motions.
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