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SUMMARY

It has been pointed out that simultaneous response effects due to three-dimensional
earthquake excitations are very important factors for safety design of complex structures
such as nuclear power plants. Based upon this fact, one is forced to generate simulated
earthquake ground motions because of the lack of recorded strong motion accelerograms. This
paper first reviews various parameters on earthquake motions and then complements additional
analyses on parameters necessary for the simulation of three-dimensional earthquake ground
motions.

In these analyses, stochastic tools are extensively utilized with hundreds of strong
motion accelerograms obtained in both Japan and the United States. Stochastic correlations
between the maxima of the earthquake ground motions, such as maximum acceleration, velocity,
displacement and spectral intensity, are introduced in the first part. Some equations of
correlating such maxima to focal distance and magnitude of earthquake are also introduced.
Then, discussions on the meaning of effective peak acceleration in view of practical
engineering purposes are mentioned.

A new concept of deterministic intensity function derived from mathematical models
through the check of Run and Chi Square is introduced in the middle part. With this concept,
deterministic intensity function for horizontal component as well as vertical, are obtained
and shown. The relation between duration time and magnitude is also introduced here.

Spectral characteristics of earthquake ground motions are very important factors for
seismic design. In this paper, the velocity response spectrum on free-field bed rock is
assumed to be the function of magnitude of earthquake and focal distance in addition to
period and damping ratio. Using accelerograms obtained on free-field bed rock in Japan, the
response spectrum for horizontal component is obtained and one for vertical component is
also discussed.

In the last part, possibilities of applying "Principal Axes" for the simulation of
three-dimensional earthquake ground motions are discussed. On the basis of this discussion,
it is concluded that generated uncoupled three components of earthquake ground motions along
principal axes can be transformed into any orthogonal components with arbitrary covariances.



1. Introduction

It has been pointed out that simultaneous response effects due to three-dimensional
earthquake excitations are very important factors for safety design of complex structures
such as nuclear power plants. Because of this awareness, there is a increasing demand for
dynamic response analysis of such systems as to take account of the effect due to three
components of ground motion.

Recognizing that seismic waves are initiated by irregular slippage along faults
followed by numerous random reflections, refractions and attenuations within the complex
ground formations through which they pass, stochastic modelling of ground motions seems
appropriate. If unlimited ground motion data were available, representative stochastic
models could be established directly by statistical anmalysis. Unfortunately strong motion
data are limited. Based upon this fact, it has been becoming common practice to generate
simulated earthquake ground motions which represent the desired design earthquakes.

In generating the earthquake ground motions, various parameters, such as the maxima,
frequency characteristics, duration time and deterministic intensity function are necessary
It is the purpose of this paper to review first the above mentioned various parameters on
earthquake ground motions and then to complement additional analyses on these parameters
necessary for the simulation of three-éimensional earthquake ground motions. In additien,
possibilities of anplying "Prinetpal Axes" are discussed for the stochastic modellina of
three-dimensional earthquake ground motions.

2 General Aspects of the Investigations on Intensities of Earthquake Ground Motions

Most of the researches on the characteristics of earthquake ground motions for seismic
design or risk analysis of structures have been focused on their peak values and spectral
characteristics.

Under the recognition that the characteristics of ground motions are influenced by the
source mechanisms of earthquakes and the formations through which seismic waves pass, the
peak values P of earthquake ground motions proposed by many researchers (e.g. Gutenberg and
Richter [1], Housner [2], Kanai [3], Milne and Davenport [4], Esteva [5], Donovan [6],
Schnabel and Seed [7]), such as peak acceleration, velocity and displacement of ground
motions have been assumed to be the function of magnitude M of earthquake and hypocentral
distance x (or epicentral distance). Those relations by their investigations are expressed
or can be approximated in the form;

TogP=aM-blogx-c (m
Where the coefficients a and b in the above equation are generally 0.5 - 1.0 and 1.0 - 2.0
respectively. Study by Trifunac and Brady [8] has suggested to use Modified Mercalli
intensity IMM as one of the parameters for peak values. Their proposal may be able to be
reformed into a form of eq.(1) with magnitude and hypocentral distance. Stochastic analysis
on the ratio of the maximum acceleration (AV/AH) in vertical component (Av) to horizontal
component (AH) in earthquake ground motions has been carried out for strong earthquake
motions in Matsushiro area in terms of three parameters, namely magnitude, epicentral
distance and ground condition of the sites by Ishida and others [9]. Each of the three
parameters has been classified into several discrete categories and a simple product of
these three is followingly assumed ;
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Av/Ar = fu * fA * fec (2)
Where fM, fA and fGCfare weighting factors for each magnitude, distance and ground
condition category, respectively.

The peak values of ground motions calculated by the above forms have been found to be
convenient parameters for the use of normalized response spectra irrelevant to magnitude
and distance, (e.g. Kuribayashi et al. [10], Newmark et al. [11]) from different earth-
quakes. However, it has been recognized that predominant period in frequency character-
istics of ground motions becomes larger as magnitude or distance increases (e.g. Seed et al
[12]). Therefore, those normalized response spectra, ignoring the effects of magnitude and
distance to the frequency characteristics, are not sufficient for use in seismic response
analysis. In this point of view, stochastic analyses on response spectra, directly derived
from the parameters of magnitude and distance have been carried out by Kobayashi et al.
[13], using the formula represented by eq.(1) in each period of spectrum and by Katayama et
al. [14], using the formula represented by eq.(2) in each period of spectrum. Utilizing
the empirical relation between the magnitude of earthquake and the fault length, theoretical
approach on response spectra from fault model has as well proposed by Ohta et al. [15].

On the basic of the accumulated informations on peak accelerations of ground motions
in near-fields, as well as on analyses of approximately 50 accelerograms obtained on rock
outcroppings in Japan, standard response spectra have been proposed by Hisada et al. for
stiff structures such as nuclear power facilities to be constructed on a free rock surface,
defined as having shear wave velocity larger than 700 m/sec. [16]. The proposed response
spectrum is defined for each of 3*3 matrix in terms of magnitude 6,7,8 and near, inter-
mediate, and far epicentral distance, whereas the definitions of near, intermediate, and
far earthquakes are, in turn, dependent on the magnitude of each earthquake.

3. Maxima of Earthauake Ground Motions

3.1 Maximum velocitv on rock site: From the 75 sets of integrated velocity records
obtained on rgck site in Japan, the following equation for the relation between the hypo-
central distance (x km) and the maximum velocity (V max) with the magnitude of the earth-

quake (M) is derived by the least square method.
VHax = 100-607M-1.19 logx-1.4

Where suffix H is a horizontal component. The equation (3) is similar to Kanai's equation
of the maximum velocity [3].

While the radius (D km) of the spherical volume within which hypocenters of after-
shocks of the earthquake exist can be expressed in terms of the magnitude (M) followingly

[171.

in cm/sec. (3)

.353M-1.134
D = 1q0-353M-1.13

Assuming that a half of the above value D is depth of the energy release center and
using the equation (3) of the maximum velocity, the relation between the maximum velocity
and the epicentral distance can be expressed as illustrated in Fig.1 with the parameter of
the magnitude. The intersection of the relevant magnitude 1ine and the dotted 1ine indicates
the radius (D km) in the above equation or, let us say, twice value of the depth of the
hypocenter. Fig.1 suggests that the maximum probable velocity value on rock site will

in km (4)
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rarely exceed the value of 60 cm/sec.
From 22 sets of accelerograms on rock site the equation for maximum velocity in the
vertical component is obtained, as well.

v 0.485M-1.2 -0. .
Vmax = 10 1.25 logx-0.85 in cm/sec. (5)

where suffixV is a vertical component. According to the equations (3) and (5), it can be
seen that the ratio of VY__ to Vi becomes smaller as magnitude or hypocentral distance is

max max
Yarger ard are generally o.4 - 0.5.

3.2 Effective peak acceleration; The accelerogram of E-W component recorded at Pacoima

dam due to San Fernando Earthquake (1971) shown in Fig.2 is famous as the first record over
the gravity acceleration. However, the peak acceleration is a kind of so called "Spike".
When considering the relation between maximum acceleration and the maximum response, the
question arises, if sharp peak acceleration such as Pacoima can express the intensity scale
in aseismic enaineering.

On the basis of this question the effective peak acceleration for engineering purpose
is proposed. The proposed effective peak acceleration may be defined followingly;

First, let obtain Housner's Spectral Intensity [18] with 5% damping ratio SI. Then
cut out all the acceleration value above the threshold acceleration value As’ for which
accelerogram, Housner's Spectral Intensity becomes 90% of the original SI. The final
effective peak acceleration value Aep can be obtained by the equation below.

Aep = As - 100/90 (6)

In this proposal, the effective peak acceleration of Pacoima is 352cm/sec?, Figs.3
and 4 show the filtered accelerogram having the spectral intensity 0.9 SI and the compar-
ison of original response spectrum and that for "cut out accelerogram”, respectively.

Table 1 presents the maximum acceleration of the original and the effective peak
acceleration for four accelerograms. These values may be acceptable from engineering
design point of view.

3.3 The relations amona various physical parameters representing intensities of earth-
quake ground motions; Using the accelerograms obtained in both Japan and the United States,
including vertical components as well, a stochastic analysis is also made on the cross-
correlations between the maximum values of acceleration, velocity, displacement and
Housner's Spectral Intensity with zero and 0.2 dampings. The results are indicated in
Table 2 from which it may be suggested that measures to represent intensity of ground
motions such as values mentioned above are extremely cross correlated, therefore, the choice
of these measures is allowed to be rather arbitrary. This analysis also provides linear
relations between these maxima. The results are indicated in Table 3, which suggests
reasonable ratios between two values of maxima such as horizontal and vertical acceleration,
velocity, displacement and spectral intensity. From the analytical results on the deviation
between values obtained by linear relations and real observed data shown in Table 4,
standard deviation to convert the maximum velocity into spectral intensity of earthquake
ground motion can be regarded as 0.15 in logarithmic scale or 1.4 in decimal scale.
Therefore, conservative estimation for value of linear relation in Table 3 may be multi-
plied by the 1 standard deviation 1.4,
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4. Duration Time and Deterministic Intensity Function
4.1 Duration time; From 76 accelerograms obtained by 56 strong motion earthquakes

during the years between 1968 and 1971 in Japan, the duration time (Td sec.) of acceler-
ograms determined by the engineering judgement can be expressed followingly in terms of
the magnitude of the earthquake (M).

log Td = (M - 2.5) / 3.23 (7)
According to the research work [19], the length of the active faults (L km) is obtained
by the following relation.

loglL =0.6M-2.91 (8)
Using this relation, total rupture duration of stationary part of the earthquake {Ts sec.)
can be calculated by eq.(9), with the assumption of rupture velocity of 3 km/sec.

log Ts = 0.6 M - 3.38 (9)
The results are also indicated in Fig.5.

4.2 Deterministic intensity function; Figs.6 are the results of efforts to find the
deterministic intensity function from the actual accelerograms by smoothing technics of the
oscillatory irregular waves. Assuming a(t) is accelerogram, z(t) deterministic intensity
function and b(t) is stationary random process of acce1erogram, a(t) is expressed;

a(t) = z(t)b(t) > b(t) = a(t)/z(t) (10)
If real z(t) is to be obtained, b(t) must satisfy the condition of stationary random process
such as Gaussian distribution of probability and run's test. Thus true z(t} can be obtained
step-by-step smoothing technics through the Run and CHI SQUARE of b(t).

From the shapes of deterministic intensity function, obtained from the 18 sets of
strong motion accelerograms in U.S., derived from such checks, the shapes of deterministic
intensity function in both horizontal and vertical components (H and V) can be represented
in the following forms;

Tog 1(1) = 1.08+2.13%0.056 o ag 1B
Tog 1V(1) = 0.81+2.22%0.140%  -0.85*T

7-0.84 -0.84

-1.84 logT (1)
- T
1.64 log (12)

-0.64

Where T is a normalized time (scaled in percentage) obtained by the real time t and the
duration time Tdjt = 100t/Td, and then I(t)iis normalized by the total, that is

f%ool(r)dr = 100. Accordingly, the shapes of deterministic intensity function in real time
can be determined by egs.(11) and (12), provided the duration time is given. Fig.7 are the
results by egs.(11) and (12) with assumption of duration time of 50 seconds, and by
smoothing technics of N-S and U-D components of E1-Centro 1940.

5. Spectral Characteristics

5.1 Srar w21 gha of the surface of The transfer
function to transmit the seismic wave around the bed-rock layers might be regarded as
uniform in frequency domain, i.e., the spectral shape of the transfer function is 'White'.
The spectral shape of the accelerograms on the surface of the bed-rock may be subjected to
the influence of the spectral shape of source mechanisms and the surroundings of the
hypocenters. The velocity response spectrum Sy(T,z) on free field bed-rock is assumed to
be the function of magnitude M and hypocentral distance x (km) in addition to period T(sec.)
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and damping ratio & as is expressed followingly;

Tog Sv(T,&) = A(T,g)M - B(T,£)logx - C(T,E) in cm/sec. (13)
Using 75 accelerograms in horizontal components obtained on free field bed-rock, coefficient
A, B and C's for every period of spectrumare obtained through least square sum technics.
The solid lines in Fig.8 show such coefficients for damping ratio 5%. Fig.9 is one exampnle
of the relation between the velocity response spectra and the various values of magnitude
at hypocentral distance of 50km. It can be clearly seen in this figure that higher
frequency components are predominant in response spectrum for smaller magnitude while Tower
frequency components are predominant in response spectrum for larger magnitude.

As for vertical component, unfortunately, the number of strong motion accelerograms
for such analysis are quite limited. Therefore, in this paper, spectral characteristics in
vertical component are represented by the mean ratio of spectrum in vertical component to
horizontal component calculated from 8 accelerograms. Results are also shown as the dotted

1ine in Fig.8.

5.2 Relation between reponse snectrum amplification and dampina factor: For damping
factors £ other than 5% in both horizontal and vertical components, the amplifications of
response, derived from randomivibration theory of response subjected to stationary ground
motions with some definite duration To are obtained by the following relation.

n

1//1+17(E-0.05) exp(~2.5T/Tq) for T= 0.07sec (14)
n 1 for T= 0.02sec

where T ; period in sec. , Ty ; equivalent duration time of

ground motion = 100-31M-1.2 in sec. [20]

As the background for eq.{14), the effect of damping factor to response spectral values
is analyzed, utilizing 135 horizontal components and 22 vertical components of acceler-
ograms. These values are averaged in each period, the result of which in horizontal
components is shown in Fig.10. As for vertical components, those results are very similar
to those in horizontal components. The solid 1ines in Fig.10 indicate the values of the

proposed modification factor in eq.(14) as a parameter of magnitude.

6. Ground Motions along Principal Axes
6.1 Concept of principal axes; In this paper, only the outline of the concept of

principal axes of ground motions are introduced. Details are explained in [21]. First,
3 components of accelerograms along three orthogonal coordinate axes are defined through

the relations

ax(t) = c(t)by(t) , ay(t) = c(thby(t) . az(t) = c(t)by(t) (15)
Where b, (t), by(t) and b,(t) are stationary random processes and ({t) is a deterministic
intensity function giving appropriate non-stationarity to the ground motion process. If
ay(t), ay(t) and az(t) are considered to be zero-mean non-stationary random processes, the
covariance functions

ECaj(t) aj(tsm) ] = c(t)e(tr)E[bi(t)bj(t+e) T 1.3 = x,y.2 (16)
where E denotes ensemble average, can be used to characterize the ground motion process.
Since random processes by(t), by(t) and b,(t) are stationary, all ensemble averages on the
right side of the above equation are independent of time t; therefore, showing dependence
only upon the time difference t. Since real earthquake accelerograms demonstrate a very
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rapid Toss in correlation with increasing values of |t|, the influence of coordinate di-
rections on the covariance functions can be investigated by considering the relations,

ELai(t)aj(t)] = z(t)2E [ by(t)bs(t) ] i, J =%, ¥,z (17)
Defining covariance matrix 8 as
Bxx By B
_B_= [Byx BYY gjg (18)
zX Bzy Bzz

where Byj = E [bi(t)bj(t) 1. the total covariance matrix can be written in the form

u(t) = ¢(t) 8. By coordinate transformation of ax(t),ay(t) and a,(t) along new three
orthogonal coordinate axes, covariance matrix can be transformed into diagonal elements
only, that is Bij = 0si%j. Such new axes which satisfies the above conditions are defined
as principal axes where no cross-term of covariance exists and 3 variances of diagonal
elements become the maximum, minimum and intermediate. This property suggests that it is
possible to simulate the three orthogonal components by generating uncoupled three com-
ponents of ground motions along principal axes.

6.2 Some characteristics of components along principal axes; The important factors
of components along principal axes are the directions of principal axes and the variance of
each component. Fig.11 shows the relation between the declination of principal axis from
vertical axis and the epicentral distance, which are obtained from the accelerograms
recorded during San Fernando Earthquake [22] and on the bed-rock in Japan. It can be seen
in this figure that major axis and minor” axis are nearly horizontal and vertical respective-
ly. As for the direction of pricipal axis, the horizontal direction of either major or
intermediate axis directs towards the fault slip zone [21,22]. Also stochastic properties
of the resulting ratios of intermediate and minor principal variances to the major principal
variance are shown in Table 5.

From these results, the three components along principal axescan be generated by use of
the stochastic parameters of horizontal and vertical components mentioned above, and then
they can be transformed into new three orthogonal axes for structural response analysis,
provided the relation between the principal axes of ground motion and the axes for the
response analysis is established.

7. Concluding Remarks
A procedure to obtain the time history of the design earthquake, applying the various

parameters introduced here, may be followingly proposed. The proposal concludes the paper

(1} Assume magnitude and epicentral distance, then calculate the maximum velocity using
equations (3) and (5).

(i1) Use Table 3 to get maximum acceleration and spectral intensity (SI).

(i11) Determine total duration and the shape of deterministic intensity function for the
design earthquake by equations introduced in Sec. 4.

(iv) Determine response spectral characteristics using Fig.8 if necessary.

{v) Produce accelerograms either through simulated earthquake or modification of real
accelerograms and then establish multi-dimensional time history ground motions if
necessary.

(vi) Multiply 1.4 (with1standard deviation) to accelerograms derived above for important
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structures and 2.0 (with 2 standard deviation) for very important structures. Principal
axes accelerograms are strongly recommended for the design earthquake.
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Table 1 Effective Peak Acceleration Table 2 Coherence among Measures to
Represent Intensity of Ground Motion

Peak Effective Peak
Accelerogram Acceleration Acceleration A U
NS kLA 156. 0.841
E1 Centro EW 210. 117 v 0.892
o 206. 92. —b—
SIg.a 786
NS 103. 80. STn 2
Taft EW 176. 97
D 79 15 A half above the diagonal : Horizontal and horizontal
— ) : A half below the diagonal : Vertical and vertical
NS 1148. 382 Diagonal matrix : Horizontal and vertical
Pacoima EW 1055. 352 A : Maximum acceleration V : Maximum velocity
o 696 D : Maximum displacement SI : Housner's intensit:
: (5 : Damping ratio)
NS 225.
Hachinohe EW 183.
up 77 54
Table 3 Linear Relations between Intensities Table 4 Deviations between Measures and
of Ground Motion Values by Linear Relations
A v D 51 SI
A v D SIO.O SIO.Z an o
N - 0.168 0.255 0.369 0.282 0.202
T b Tah Al @300 3 3 s
) ) - . v 0.264 0.184 0.183 0.130 0.128
v '1.837) (1.528) {1 &24) (1.349) 1 341
b 0.366 0.186 0.237 0.245 0.278
D '2.323) (1.535) (1 72AY (1 75R) {1_RaT)
1 0.271 0.167 0.291 0.135 0.110
Sy 511  5.821 10 SIg. ¢ RARY 11 4RAY (1 9S4) (1.3RG) (1.78R)

0.206 0.158 0.299 0.100 0.156

4.81v U.409 0.216 2.855 4,038 s1
3} 1 AN7Y {1 A7Q} {1 QA1) (1.289% (1.4132)

SIO. (0.186) (2.035) (3.614) (0.334) (0.435

H : Horizontal Components

V : Vertical Component A hilf above the diagonal : Horizontal and horizontal

A half above the diagonal : Horizontal and horizontal A half below the diagonal : Vertical and vertical
A half below the diagonal : Vertical and vertical Diagonal matrix : Horizontal and Vertical
Diagonal matrix : Horizontal and Vertical Inside parenthesis : 10 over Deviation

X(row) = coef. Y(column)
Inside parenthesis ; Y(column) = coef. X(row)
example ; Ay = 1.669 Ay = 8.701 vy

Ay = 0.532 Ay = 9.921 v,
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COEFFTCENTS A B C and RATIO
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