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I. INTRODUCTION 

A. SCOPE OF INVESTIGATION 

Up to the present time, most analytical investigations of the 

dynamic response of structural systems subjected to strong earthquake 

excitations have considered only one component of ground motion. It is 

becoming increasingly evident, however, that responses of some important 

structural systems such as three-dimensional piping systems, certain 

nuclear power plant components, highway bridge structures and earthfill 

dams are significantly affected by more than one component of earthquake 

motion. Fortunately, with the recent advances in techniques and 

facilities of high speed digital computers, it is becoming possible to 

conduct investigations of the dynamic response of such systems con-

sidering the multi-component influence of ground motion. Because of 

this awareness, there will obviously be an increasing demand in the 

future of dynamic response analyses of selected systems using multi-

components of ground motion excitation. 

Ground motion at a point 0 has six components, three trans-

. [* lational and three rotatl0nal 36] . While the three rotational 

components, two about horizontal axes (Rayleigh Waves) and one about a 

vertical axis (Love Waves), may influence overturing moments and 

torsional vibration of structural systems, it is usually sufficien-t to 

consider only the three translational components. Presently, the 

available earthquake accelerograms are not sufficient to perm:U: a_a 

estimate of the rotational components. 

A very simple approach to defining the three translational 

components of motion would be to assume that certain recorded ground 

* Numbers in square brackets refer to corresponding references. 
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motions of a part earthquake are representative of future site ground 

motions. This simple approach, however , is subject to question as two 

recorded accelerograms even at the same site location often have quite 

dissimilar characteristics. 

Another approach is to generate accelerograms synthetically 

which have proper intensities and appropriate spectral densities. 

Recognizing that seismic waves are initiated by irregualr breaks and 

slippage along faults followed by numerous random reflections, refractions 

and attenuations within the complex ground fOrmations through which they 

pass, stochastic modelling of strong ground motions is a realistic form 

for practical use. Defining earthquake inputs to a structural system in 

this manner has the distinct advantage that analyses yield mean values 

and variances of response consistent with the variations to be expected 

in ground motion characteristics. 

Representive stochastic models for earthquake ground motion 

could be established d~rectly by statistical analysis if unlimited data 

were available. Unfortunately, strong ground motion data in the form of 

accelerograms are quite limited. Therefore, one is forced to hypothesize 

model forms and to use the available strong ground motion data primarily 

in checking the appropriateness of these forms. A number of stochastic 

models, representing both stationary and non stationary random processes, 

have been employed. Most of them, however, deal exclusively with only 

one translational component of motion [42,32]. One such model, commonly 

used in its one-dimensional form [23,37], defines ground accelerations 

at a point along three orthogonal axes (x, y and z), usually two horizontal 

and one vertical through the relations 
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a (t) I;; x (t) b (t) 
x x 

a (t) = I;;y (t) b (t) (1.1) 
y y 

a (t) = I;;z (t) b (t) 
z z 

where b (t), b (t) and b (t) are stationary random processes and 
x y z 

I;; (t), 1;; (t) and I;; (t) are deterministic intensity functions giving x y z 

an appropriate nonstationarity to their respective ground motion processes. 

functions, 

The use of Eqs. (1.1) requires that the appropriate intensity 

1;; (t), I;; (t) 
x y 

and I;; (t) be obtained by statistical analyses 
z 

of real accelerograms and that the realistic power spectral density 

functions, or corresponding auto-correlation functions, be established 

by similar means for processes b (t), b (t) 
x y 

and b (t). 
z 

When extending 

the use of this model to two- or three-dimensional form, the question 

immediately arises "Should the components of motions be cross correlated 

statistically?". If so, in addition to the power spectral density 

functions or corresponding auto-correlation functions, one must establish 

appropriate cross-spectral density functions or corresponding cross-

correlation functions for processes b (t), b (t) 
x y 

and b (t).·· 
z 

In this report, applying a procedure similar to the orthogonal 

transformation used in stress-state problems, an orthogonal set of 

principal axes is defined for three-dimensional earthquake ground motions. 

These principal axes are defined along which the components of ground 

motion have maximum, minimum and intermediate values of variances and 

have zero values of covariances. This property suggests that components 

of motions need not be cross correlated statistically provided they are 

directed along principal axes, i.e. provided the x, y and z axes in 

Eqs. (1.1) are treated as principal axes. 
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In this report, using the concept of an orthogonal set of 

principal axes and applying a moving-window technique to the accelerograms 

recorded during the San Fernando, California, earthquake of February 9, 

1971, analyses of three-dimensional ground motions along principal axes 

are carried out. In these analyses, the time-dependent and the frequency

dependent characteristics of the principal values and the corresponding 

directions of principal axes of ground motions are determined and time

dependent characteristics of frequency content are examined through a 

moving-window fourier amplitude spectrum analysis. 

It is concluded that realistic three components of ground 

motion can be generated stochastically using statistically uncorrelated 

nonstationary random processes along the prinicipal axes provided 

appropriate intensity functions and time-dependent frequency characteristics 

are used. 

B. SAN FERNANDO EARTHQUAKE 

The San Fernando, California, earthquake which occurred at 

6:00:41.8 a.m. local time on February 9, 1971 has been assigned a 

location at 34 0 24' 00" Nand 118 0 23' 42" W, a magnitude of 6.6 on the 

Richter scale and a depth of about 13 km. The epicenter of the earth

quake has been located in the San Gabriel Mountains 14 km north of San 

Fernando, California. It has been reported that the fault slippage 

began at a depth of 13 km and progressed southward and upward at 

approximately 45°. A narrow band of surface faulting has been observed 

to run east-west in the foothills of the San Gabriel Mountains [3]. It 

has been reported that the faults slip zone spread to the south of 

epicenter [20] and the "energy center" was located approximately 3 km 

southwesterly of the epicenter [14]. The strong motion lasted about 
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12 seconds and a maximum intensity of XI has been assigned to the site of 

the Olive View Hospital located north of the Sylmar area [39]. 

As one can observe in Fig. 1.1, the local geological conditions 

around the fault slip zone are quite complex. This complexity is most 

likely the cause of weak correlations to exist between certain ground 

motion characteristics and the epicenter location as shown subsequently 

in this report. 

C. STRONG GROUND MOTION ACCELEROGRAMS 

The accelerograms used in this investigation were compiled and 

issued by the Earthquake Engineering Research Laboratory of the California 

Institute of Technology, Pasadena, in a report series entitled "STRONG 

MOTION EARTHQUAKE ACCELEROGRAMS: VOLUME II CORRECTED ACCELEROGRAMS AND 

INTEGRATED GROUND VELOCITY AND DISPLACEMENT CURVES" parts C through S 

[48]. Detailed information, such as directions of accelerometer axes and 

fundamental periods and damping ratios of transducers, are also available 

in these reports. 

Corrections were applied to the recorded accelerograms using a 

procedure proposed by Trifunac [46,47,49,50]. In brief, the corrections 

were applied to the high and low frequency ranges in such a way that the 

resulting accelerograms would correspond to those recorded by accelero

graphs having the characteristics shown in Fig. 1.2. In the first stage 

of this procedure, the uncorrected accelerograms were passed through a 

Ormsby low-pass filter having a cut-off frequency and roll-off termination 

frequency of 25 cps and 27 cps respectively. In the second stage, a base

line correction was performed by passing the accelerograms through a high

pass filter having a cut-off frequency and roll-off termination frequency 

of 0.07 cps and 0.05 cps, respectively. In some cases, a cut-off fre

quency of 0.125 cps was used instead of 0.07 cps [17]. 
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Hereafter in this report, accelerograph locations are identified 

using numbers given in "Annual List of Stations" issued by the Seismological 

Field Survey, NOS-NOAA [29]. The locations of accelerograph stations for 

which ground motions have been analyzed in this investigation are shown 

in Figs. 1.3, 1.4 and 1.5. Figure 1.3 shows the locations of stations in 

central and southern California. Figure 1.4 is an enlargement of the 

small rectangular area in Fig. 1.3 showing the extended Los Angeles and 

San Fernando region. Similarly, Fig. 1.5 is an enlargement of the small 

rectangular area in Fig. 1.4 showing the cities of Los Angeles, Hollywood 

and Beverly Hills. Table 1.1 summarizes station location, location 

coordinates for Figs, 1.3 - 1.5, approximate distances to the epicenter, 

directions to the epicenter, building structural types and general site 

geology for each station. 
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II. PRINCIPAL AXES FOR GROUND MOTION 

A. FIXED PRINCIPAL AXES 

a (t), a (t) 
x y 

Suppose three components of ground motion, and 

a (t) at a point 0 along an arbitrary set of orthogonal axes x, y and 
z 

z are defined through the following stochastic model 

a (t) 
x 

a (t) 
y 

a (t) 
z 

t; (t) b ' (t) x 

t; (t) b' (t) 
y 

t; (t) b ' (t) z 

where b ' (t), b' (t) and b' (t) are stationary random processes and 
x y z 

(2.1) 

t;(t) is a deterministic intensity function. This model represents an 

approximation to that defined by Eqs. (1.1). In this model, it is 

assumed that the intensity functions in the three directions vary with 

time in identically the same manner even though they may differ by a 

scalar factor. Considering recorded earthquake motion, these components 

normally represent accelerations measured along the instrument axes of 

accelerometers. For the purpose of discussion here, however, these 

components could equally well represent velocities or displacements. 

If a (t), a (t) and a (t) of Eqs. (2.1) are considered to 
x y z 

be zero-mean process, covariance functions defined by 

E [a. (t) a. (t+T)] 
1 J 

t; (t) t; (t+T) E [b~ (t) b~ (t+T)] 
1 J 

(2.2) 

i,j x,y,z 

where E denotes ensemble averages, can be used to characterize the com-

plete ground motion process. If this process is Gaussian, these covariance 

functions completely characterize the process in a probabilistic sense [5]. 
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Since random processes b'(t), b'(t) 
x y 

and b' (t) 
z 

are stationary, 

all ensemble averages on the right hand side of Eqs. (2.2) are independent 

of time t; therefore, showing dependence only upon the time difference T. 

Since in the first approximation, real earthquake accelerograms can be 

represented by white noise [19,10,35], these processes demonstrate a very 

rapid loss in correlation with increasing values of ITI. Therefore, the 

influence of coordinate directions on covariance functions can be 

investigated using the approximate relations 

E [a. (t) a. (t)] 
1 J 

2 
r;; (t) E [b~ (t) b~ (t)] 

1 J 
(2.3) 

i,j x,y,z 

Adopting matrix notation, Eqs. (2.3) can be written in the more compact 

form 

l:! (t) 

where 

]1 .• (t) E [a. (t) a. (t)] 
1J 1 J 

S.. E [b~(t) b~(t)] 
1J 1 J 

i,j = x,y,z 

Note that because random processes b'(t), b'(t) 
x y 

and b' (t) 
z 

are 

stationary, all nine coefficients in matrix S are time invariant. 

(2.4) 

(2.5) 

(2.6) 

If the components of ground motion at point 0 are transformed 

from coordinate system x,y and z to a new orthogonal coordinate 

system x~y' and z' through the relation 

a' (t) ax tt) I x 

a' (t) A a (t) (2.7) 
y 

a: tt) J a' (t) 
z 
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where the transformation matrix A satisfies the condition 

I (identity matrix) (2.8) 

relations identical to Eqs. (2.4) - (2.6) can be written for the new 

coordinate system with 

S' (2.9) 

(2.10) 

This transformation of ground motion is quite identical to the trans-

formation of a three-dimensional state of stress; therefore, it is 

apparent that a set of principal axes exist along which the component 

variances of motion have maximum, minimum and intermediate values and the 

corresponding covariances have zero values. The directions of these 

principal axes are found in exactly the same manner as locating the 

directions of principal stresses, i.e. by obtaining the eigenvalue 

formulation. The resulting three vectors define the principal trans-

formation matrix P; thus, permitting the components of ground motion 

along principal axes, 1, 2 and 3 to be given by 

a
l 

(t) a (t) 
x 

a
2 

(t) P a (t) 
y 

(2.11) 

a
3 

(t) a (t) 
z 

where 

T 
I P P (2.12) 
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The corresponding covariance matrix for ground motion becomes 

~ (t) 
-p 

= 

= 

pT ~(t) p 
- - -

811 

r;;2 (t) 0 

0 

~ll 

0 

0 

0 0 

822 
0 

0 833 

0 0 

~22 0 

0 ~33 (2.13 ) 

222 
The principal values are given by r;; (t) 8

11
, r;; (t) 8

22 
and r;; (t) 8

33 

and the directions of principal axes are given by the corresponding 

column vectors of the transformation matrix P, respectively. Since the 

covariance matrix 8 in Eqs. (2.13) is time invariant, the coefficients 

of the principal transformation matrix P are also time invariant; that 

is, the directions of principal axes are fixed during the entire time 

history of motion. 

Fortunately for most physical phenomena represented by random 

processes, the desired properties can often be estimated using a single 

member from each process. This is, of course, strictly true only for 

ergodic random processes. Therefore, the covariances in Eqs. (2.13) can 

be obtained by time averaging over any single member of the process, say 

the 
th 

r member. In this case, B .. 
1J 

defined by Eqs. (2.6) can be 

obtained through the relation 

8 .. 
1J 

< b ~ (t) b ~ (t) > 
1r Jr 

(2.14) 

i,j x,y,z 

r = 1,2,3, •••. 
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where the triangular brackets denote time average. 

To further illustrate the physical meaning of principal axes, 

consider two stationary random processes xl (t) and x
2

(t). The auto-

and cross-correlation functions of these processes are given by 

R .. (T) 
lJ 

E [x. (t) x. (t+T)] 
l J 

i,j 1,2 

(2.15 ) 

where E denotes the ensemble averages. These functions can be decomposed 

and expressed in the frequency domain by the equivalent relation 

and 

S .. (w) 
lJ 

R .. (T) 
lJ 

1 
2n 

00 

f 
-00 

00 

J 
-00 

R .. (T) 
lJ 

-iwT 
e dT 

S, . (w) 
+iwt 

dw e 
lJ 

i,j 1,2 

(2.16 ) 

(2.17) 

These relations which express R .. ('[) 
lJ 

and s .. (w) 
lJ 

as Fourier transform 

pairs are usually called the Wiener-Khintchine relations. 

Suppose random processes xl (t) and x
2 

(t) are considered to be 

ergodic processes in which case ensemble averages are equivalent to the 

corresponding time averages i.e. 

E [xl < x > 
r 

(2.18) 

where subscript r denote 
th 

r member of ensemble x. Relations between 

ensemble averages and temporal averages which are respectively designated 

by R .• (T) 
lJ 

and ill .. (T) (i,j = 1,2) 
lJ 

and those between their corresponding 
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quantities decomposed into the frequency domain s .. (W) 
1J 

(i,j = 1,2) are obtained by Eqs. (2.15) - (2.18), 

R .. (e) E [x. (t) X.(t+e)] 
1J 1 J 

= < x. (t) x. (t+e) > 
1r Jr 

= <I> •• (T) 
1J 

00 

S .. (w) 1 I R .. (e) 
-iwe 

de 
2n 

e 
1J 1J 

-00 

00 

1 

f <I> •• (e) 
-iwT 

de 
2n 

e 
1J 

-00 

G .. (w) 
1J 

i, j = 1,2 

and G .. (W) 
1J 

Principal axes were defined previously along which the components of 

(2.19) 

(2.20) 

motion have maximum and minimum values of variances and have zero values 

of covariances for e = O. Intensities of the process along principal 

axes can be evaluated by subsituting e = 0 into Eqs. (2.15) - (2.20). 

It follows that 

<I> •• (0) 
1J 

T 
2 

lim 1 

IT T 
T-+<>o 

00 

I 
-00 

2 

G .. (w) dw 
1J 

x. (t) 
1 

G (if i j) 

o (if i I j) 

i,j = 1,2 

x. (t) dt 
J 

(2.21) 
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These properties reveal that components of motion along principal axes 

have maximum and minimum values of power [2] and zero values of cross 

power. Note that cross-correlation function R
I2

(T) and R21 (T) are 

not generally even functions; therefore, unlike the power spectral 

density functions GIl (w) and G22 (w) which are always real and 

positive, the cross-power spectral density functions G
12

(w) and 

G
21 

(w) are generally complex. Note also that for principal axes the 

cross-power r G
12

(w) dw and JOO G
21 

(w) dw are zero, even though 
-00 -00 

the functions G
12 

(w) and G
21 

(w) may not be zero. 

It can be concluded, however, that for a first approximation 

to modelling of ground motions, it is sufficient to accept the concept 

of principal axes which do not require one to establish cross powers 

between the individual components of motion. 

B. TIME DEPENDENT PRINCIPAL AXES 

It is easily shown that the intensity functions along an 

orthogonal set of axes, x, y and z (usually taken as instrumental 

axes), do not have the same identical shape. For example,observe the 

shapes of the intensity functions (sigma vs. time) in Figs. 2.2a through 

2.2d for the three components of motion along the instrumental axes at 

stations Nos. 266, 475, 264 and 267; see Fig. 1.4 for location. These 

intensity functions are defined through the relation [22] 

1:;. (t , L':.T) 
1 0 

= It: (0 
t 

o 

i x,y,z 

L':.T 
+ 

2 

D.T 
2 

2 
a. (t) dt 

1 
(2.22) 

with D.t = 5 seconds. The solid, intermediate-dashed and short-dashed 

curves represent the components of motion along the north-south, 
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east-west and vertical axes, respectively. The upper set of curves in 

these figures (theta and phi vs. time) represent the angles shown in 

Fig. 2.1. The intermediate-dashed curve represents 8 (degree) cor-

responding to the left side coordinate of the axis and the short-dashed 

curve represents ~ (degree) corresponding to the right side coordinate 

of the axis. If the intensity functions s (t), s (t) 
x y 

and s (t) 
z 

are 

-1 
identically the same in magnitude, angles 8 and ~ are 45° (tan 1) and 

-1 1 
54.7° (cos --), respectively. Further, if the intensity functions 

/3 
vary with time in identically the same manner even though they may have 

different magnitudes, i.e. satisfy Eqs. (2.1), the values of 8 and ~ 

are invariant with time. In this case, the curves representing angles 

e and ~ become straight horizontal lines. As one can see in Figs. 

2.2, the intensity functions for actual strong ground motions do not 

change with time in the same manner, i.e. the directions of the principal 

axes are not time invariant. 

Suppose the three components of ground motion are represented 

by the relations 

a (t) 
x 

a (t) 
y 

I;; (t) b (t) 
x x 

I;; (t) b (t) 
y y 

a (t) = I;; (t) b (t) 
z z z 

(2.23) 

where b (t), b (t) and b (t) are stationary random processes and 
x y z 

I;; (t), I;; (t) and I;; (t) are dissimilar deterministic functions along 
x y z 

a (t), a (t) 
x y 

the x, y and z axes, respectively. Assuming and 

a (t) to be zero mean processes and applying the procedures previously 
z 

described, covariance functions are defined by 
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E [a.(t) a.(t+T)] = t;.(t) s.(t+T) E [b.(t) b.(t+T)] 
1 J 1 J 1 J 

(2.24 ) 

i, j x,y,z 

These covariance functions for a zero value of the time difference T, 

can be written in the matrix form 

fl (t) I;;(t) 13 I;;(t) (2.25) 

where 

]1 .. (t) E [a. (t) a. (t) ] 
1J 1 J 

(2.26) 

13 .. E [b. (t) b. (t)] 
1J 1 J 

(2.27) 

s .. (t) 1;;. (t) (i j) 
1J 1 

0 (i ~ j) (2.28) 

i, j = x,y,z 

Applying an orthogonal transformation identically similar to the one 

previously described, the covariance functions along the principal axes 

become 

T 
]1 (t) fl p p 

-p 

pT S (t) § f(t) ~ 

(s (t) p)T 13 (f (t) P) 

]1ll 0 0 

0 fl22 0 (2.29) 

0 0 ]133 

Note that because the intensity matrix set) is a diagonal matrix, 

T 
f(t) is equal to set). 
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In Eqs. (2.29), the principal transformation matrix P is 

given as a function of time t, i.e. P = P(t). Since the column vectors 

of the principal transformation matrix give the direction cosines of the 

corresponding principal axes, the directions of the principal axes are 

time-dependent when the three components of motion are defined in 

accordance with Eqs. (2.23). 

C. MAXIMUM VARIANCES AND COVARIANCES 

If one assumes each component of motion to be identically the 

same, the direction of the instantaneous resultant acceleration vector 

will not change in time; thus, the components will be completely cor-

related, i.e. the cross correlation coefficients obtained from the 

relation 

P .. 
1J 

E[a. (t) a. (t)] 
1 J 

I E[a. (t) a. (t)] E[a. (t) a. (t)] 
1 1 J J 

i ~ j 

(2.30) 

will be equal to either +1 or -1 depending upon the pair of components 

involved. On the other hand, if the components are actual recorded 

ground motions, the cross correlation coefficients will be greatly 

reduced showing lack of correlation with each other. Note that a cross 

correlation coefficient equal to zero, indicates a complete lack of 

correlation. 

It is interesting to investigate the characteristics of motion 

along sets of axes which give maximum correlated components of motion as 

well as along the principal axes which give completely uncorrelated 

components of motion. A procedure similar to that previously described 

can be used to determine the coordinate transformations which yield 
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maximum covariances. When transforming from principal axes 1, 2 and 3, 

this procedure leads to the following orthogonal transformation matrices 

+ 1 0 0 

~l 0 +11 - 2 
+)1 
- 2 

0 -/1 + -
2 +11 - 2 

+J1 - 2 
0 +11 - 2 

~2 0 + 1 0 

-/1 + -
2 

0 +/1 - 2 

+/1 - 2 
+)1 
- 2 

0 

~3 -)1 + -
2 +/1 - 2 

0 

0 0 + 1 -

Substituting Eqs. (2.31) separately into the relation 

m 

gives principal covariances equal to 

and 

S 
-m 

1, 2, 3 

The corresponding 

(2.31) 

(2.32 ) 

variances are ~ll (t), ~22(t) and 

1 "2 [~22 (t) + ~33 (t)] , 

~33(t), and the corresponding mean 

1 "2 [~ll (t) + ~33 (t) ] and variances are 

1 "2 [~ll (t) + ~22(t)], respectively. Using these values, the principal 
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cross correlation coefficients are given by 

= 
[11 11 (t) - 1122 (t) ] 

[1111 (t) + 1122 (t) ] 

[11
22 

(t) - 1133 (t) ] 

[11
22 

(t) + 1133 (t) ] 

[11
11 

(t) - 1133 (t)] 

P13 [11
11 

(t) + 11
33

(t)] 

(2.33) 

Note that when two principal variances approach each other in 

value, the corresponding principal cross correlation coefficient 

approaches zero and the other two cross correlation coefficients approach 

the same value. In the limit when these principal variances become equal, 

the corresponding principal axes become undefined. This behavior cor-

responds to the three-dimensional stress problem when a deviator stress 

along one axis is superposed upon a hydrostatic state of stress resulting 

in only one identifiable principal axis which lies along the axis of the 

deviator stress. Obviously, it becomes difficult to reliably predict 

the directions of the principal axes when principal variances approach 

each other in value. 



41 

UP 

OA: INTENSITY RESULTANT 

_I Cy(t) e = TAN 
Cx(t) 

COS-I -;=.====:C~Z=( t=)==:~_ 
./C~( t) + C~( t) + C~( t) 

\ 
\ 

\ 

----------------'*~~~~--_r------~----~NORTH 

/ 

I // 
I / 

/ 

EAST 

/ 
/ 

/ 

/ 
/ 

/ 

Fig. 2.1 Direction angles of intensity function in 
three-dimensional space. 
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III. CHARACTERISTICS OF GROUND MOTION FROM 
MOVING-WINDOW ANALYSIS 

A. TIME DOMAIN ANALYSIS 

1. General 

In a previous paper [32], variances and covariances of 

recorded ground motions were evaluated for successive time intervals 

using the relation 

< [a. (t) a.] [a. (t) a. ] t2 
fl .. > 

1J 1 1 J J 
tl 

i,j = X,Y,z 

in which the time averages are taken over the interval t < t < t 
1 = 2 

(3.1) 

but where the mean values a. 
1 

and a. 
J 

are found by averaging a. (t), 
1 

a. (t) over the entire duration of motion. Locations of principal axes 
J 

and magnitudes of corresponding principal variances were obtained for 

earthquake motions recorded at three stations in California and three 

stations in Japan. The results show that the directions of principal 

axes were not fixed for successive time intervals. 

In the present investigation, recognizing that intensity 

functions for three components change in a different manner with each 

other, va~iances and covariances are obtained as continuous functions 

of time t using the so-called "moving-window" technique, i.e. using 
o 

the relation 

fl .. (t ,L1T) 
1J 0 

< [a.(t) - a.][a.(t) - a.] > 
1 1 J J 

i,j = x,y,z 

where the time averages are taken over the interval 

t 
o 

t 
o 

L1T 

L1T 
+ 

2 

L1T 
2 

centered at 

time t [9]. Having obtained all nine covariance functions for the 
o 

(3.2) 
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recorded components of motion in accordance with Eqs. (3.2), the 

corresponding time dependent directions of principal axes can be 

obtained, i.e. giving the principal transformation matrix as a function 

of time to and time window length ~T ,i.e. p = p (t , ~T). 
o - - 0 

This time 

dependent principal transformation matrix then allows one to obtain the 

time dependent directions of principal axes of components of motion 

and 

and 

a (t) and their corresponding principal variances 
z 

One finds increased fluctuations in ~ .. (t , ~T) and the 
1J 0 

corresponding directions of principal axes as the value of time window 

length ~T in Eqs. (3.2) is taken shorter and shorter. In fact, as 

~T 7 0, the major principal axis of ground motion coincides with the 

instantaneous resultant acceleration vector which changes its direction 

rapidly in a random fashion over the entire sphere of space. Therefore, 

~T should be taken sufficiently long so that the higher frequency 

fluctuations are essentially removed but the slower time dependent 

characteristics are retained, i.e. the time average over duration ~T 

will be essentially equal to the average taken across the ensemble. 

The direction of each principal axis is given by angles ~ 

and 8 as shown in Fig. 3.1. Angle ~ is the declination of the 

principal axis from the vertical axis through point "0"; thus, its value 

falls in the range 0° ~ ~ ~ 90°. Angle 8 is measured from the North 

axis to the projection of the northerly extension of the principal axis 

on a horizontal plane containing point "0". By this definition, 8 

lies in the range -90° < 8 < + 90°. The angle 8
E 

in Fig. 3.1 

represents the horizontal direction of an axis passing through the 

accelerograph site location (point "a") and the reported epicenter. 

Since this angle is measured in a similar manner to that of angle 8, 
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it also lies in the range -90° < 8E ~ + 90°. Length OA in Fig. 3.1 

represents the magnitude of the variance Of principal ground motion. 

The square root of this quantity (sigma) can be used to represent the 

intensity functions of the corresponding non stationary processes [22]. 

2. Results At Station No. 264 Basement Of The Millikan Library, CALTECH 

Direction angles ~ and 8 and the square root of the 

principal variance (0) have been obtained as functions of time t for 
o 

the major, minor and intermediate principal axes of the ground motion 

at station No. 264, the basement of the Millikan Library at the 

California Institute of Technology, Pasadena, California. 

'I'he results are shown in Figs. 3. 2a through 3. 2c. These 

results of Figs. 3.2a, 3.2b and 3.2c are respectively obtained by using 

time window length ~T equal to two, five and ten seconds at discrete 

values of one-half second apart. The solid, short-dashed and 

intermediate-dashed curves in these figures represent respectively the 

major, minor and intermediate principal axes and the horizontal long-

dashed straight line represents the direction 8
E 

to the reported 

epicenter. It should be noted from the definition of 8 that as the 

horizontal direction of a principal axis rotates in a continuous manner 

through the east-west direction, the value of e changes instantaneously 

by 180°, i.e. changes from +90° to -90° or from -90° to +90° depending 

upon whether the horizontal projection of the principal axis is rotating 

clockwise or counterclockwise. This explains the sudden jumps which 

appear in the functions of e which take place over single spacings of 

the prescribed discrete values of 

spacings. 

t , 
o 

namely over one-half second 

In the present report, ~T is taken as two seconds for several 

short durations of motion, say less than twenty seconds, and taken as 
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five seconds for all other records. Angles ¢ and e and 0 are 

evaluated for discrete values of t spaced one-half second apart and 
o 

are interpolated by straight lines. 

It should be noticed that if ground motion processes are 

represented by the product of stationary random processes and deter-

ministic intensity functions and if the intensity functions for three 

components vary with time in the same manner, i.e. satisfy Eqs. (2.1), 

any two of the principal variance functions differ from each other by a 

fixed constant only in which case the directions of principal axes are 

fixed, i.e. they are time invariant over the entire duration. 

3. Results Through The Time Domain 

The time domain moving-window analysis described above has been 

applied to the ground motions recorded at numerous stations during the 

San Fernando earthquake of February 9, 1971. Acceleration records at 

99 stations have been evaluated. Nearly half of them are located in the 

high- or intermediate-rise buildings in the cities of Los Angeles, 

Hollywood and Beverly Hills, which are sited about 40 km south of the 

epicenter. 

Some of these accelerograph locations are in basements and at 

the ground level of higher buildings, some are in smaller buildings and 

some are on free field. The motions can be considered representative 

of the ground motions. The accelerograph at each station has its own 

characteristics [48] and was triggered independently of other located 

nearby. At station No. 290, two accelerographs were installed, one of 

which was a temporary accelerograph. 

The accelerograph locations were divided into six area groups, 

A through F. certain data associated with these stations, such as 
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station identification number, station location, peak accelerations, 

building structural type and local site geology are given in Tables 3.1 

through 3.5 and Table A.l,respectively. 

Area A (CALTECH) 

Area A is located on the campus of California Institute of 

Technology which contains four stations, namely No. 267, the Jet 

Propulsion Laboratory, No. 266, the Seismological Laboratory, No. 264, 

the Millikan Library and No. 475, the Athenaeum. Numerous investigations 

on the dynamic behavior and the soil-structure interaction effects of 

these buildings have been carried out [27, 12, 21, 15]. The accelero

graphs at these four stations are reported to have been triggered at 

the same time, i.e. to have common time bases [24]. The results for 

these stations are shown in Figs. 3.3a through 3.3d. 

Area B (Wilshire) [12, 17] 

Area B having seven stations in the basements of high-rise 

buildings is located along Wilshire Boulevard in downtown Los Angeles. 

Each instrument in this area was triggered independently upon the arrival 

of seismic waves. However, one can estimate a common time base by 

reading the arrival time of certain high frequencies in the acceleration 

and velocity traces. This procedure is reported to provide an accurate 

estimate [17]. The local geology in this area consists of alluvium and 

plestocene rock and is classified as an intermediate type or a soft 

type. The results for these seven site locations are shown in Figs. 

3.4a to 3.4g. 

Area C (Lake Hughes) 

Area C located in the vicinity of Lake Hughes consists of 

four stations array Nos. 1, 4, 9 and 12. The site geology in this area 
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is designated as a hard soil type. Due to the wide separations between 

stations in this area, it is impossible to establish a common time base 

for the recorded accelerograms. The results for these stations are 

shown in Figs. 3.5a through 3.5d. 

Area D (Beverly) 

Area D contains four stations; two in basements and two at the 

first floor level of high-rise buildings. These four stations, Nos. 137, 

148, 172 and 145, are located on intermediate geology at the corner of 

Beverly Boulevard and Figueroa Street in downtown Los Angeles and are 

very close to each other. The distance from the epicenter to the stations 

is about 40 km and the direction to the epicenter is about N 20° W. 

Figures 3.6a-3.6d show the time dependent characteristics of principal 

axes of motion at these stations. 

Area E (Santa Monica) [17] 

This area contains four stations located in high-rise buildings 

having from 15 to 30 stories. These buildings are located on soft geology 

about 40 km from the epicenter along Santa Monica Boulevard near Beverly 

Hills in the west part of Los Angeles. The results for these stations are 

presented in Figs. 3.7a through 3.7d. Although the wave propagation 

paths are different, one may be able to investigate the relative in

fluence of intermediate to soft geological conditions on ground motion 

characteristics by comparing the results for stations in areas D and E. 

Area F (Figueroa) 

Area F is located about 40 km S 18° E of the epicenter. The 

stations in this area are located in intermediate-and high-rise 

buildings along Figueroa Street, south of area D (Beverly) in downtown 
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Los Angeles. It has been reported that the accelerograph at station 

No. 154 was installed on the 2nd floor; however, because the floor of 

the building is numbered from the adjoining building, this floor actually 

corresponds to ground level [29]. The time dependent characteristics of 

principal axes of motions for these six stations are included in 

Appendix A. 

The results obtained for 70 other stations, not included in 

area groups A-F, are presented in Appendix B. 

4. Observation of Results 

Although, the functions of principal transformation shown in 

Figs. 3.3 throug-h 3.7 and in Appendices A and B have numerous 

unexplainable features, certain correlations should be noted as follows: 

(1) Usually during the early periods of low intensity motion, 

either the major or the intermediate principal axis is nearly 

vertical, i.e. the vertical component represents a large 

amount of energy in comparison with the horizontal components. 

(2) Later except for several motions recorded in high-rise 

building-s and at stations close to the epicenter, the major 

and intermediate principal axes shift towards horizontal 

positions with the minor principal axis taking the nearly 

vertical position; thus, the angle between the horizontal 

directions of the major and intermediate principal axes is 

about 90°. 

(3) Following the shift of the major principal axis towards a 

horizontal position, the horizontal directions of the major 

and intermediate principal axes are sometimes suddenly inter

changed. 'Ehis interchange which occurs after the period of 
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high intensity motion is due to a corresponding change in the 

direction along which the seismic waves have maximum energy. 

(4) After the major and intermediate principal axes have moved to 

their nearly horizontal positions, the minor and intermediate 

principal axes (and in some cases, the minor and major 

principal axes) retain approximately the same horizontal 

direction angles 8 over large time intervals. This pro

perty suggests geometrically that the plane containing the 

minor and intermediate principal axes also contains the 

vertical axis. When the minor principal axis takes a nearly 

vertical position, slight changes in its direction cause large 

fluctuations in the angle 8. Due to this high sensitivity, 

the fluctuations in e have little significance in this case. 

(5) For many motions measured in high-rise buildings, some of the 

more common correlative features related to principal axes 

seem to be eliminated due to possible soil-structure inter

action effects. These interaction effects are most apparent 

during the strong motion following that time at which the 

minor axis shifts to its nearly vertical position. 

(6) Usually during the period of high intensity motion, the 

horizontal direction of either the major or the intermediate 

principal axis is towards the faults slip zone. This 

characteristic suggests that the direction along which seismic 

waves contain maximum energy either coincides with the 

direction to the fault slip zone or is at right angles to it. 

(7) The shape of the intensity functions for the minor principal 

axis looks fairly flat for those stations located on soft to 

intermediate types of geology. 
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For area groups A-F, specific correlations and dissimilar 

features can be noted as follows: 

(1) In Figs. 3.3, the possible interchange of major and inter

mediate principal axes at stations Nos. 264 and 475 occurs at 

a time around 10 second. The directions of principal axes and 

corresponding intensities are, however, quite dissimilar with 

each other, even though the distance between stations is not 

more than 400 m. During the early period of motion, the 

direction angle 8 of the major principal axis is approximately 

90° for both stations Nos. 267 and 266. Later in the motion, 

the direction angle shifts to nearly 45° in each case. 

(2) In Figs. 3.4, the general features of principal directions at 

various stations agree reasonable well with one another, 

especially at stations Nos. 211, 208, 196 and 199 where the 

major principal axis is closely directed towards the reported 

epicenter during periods of high intensity motion. Also the 

intensity functions for stations Nos. 211 and 208 are quite 

similar to each other; however for stations Nos. 196 and 199, 

they are dissimilar. 

(3) In Figs. 3.5, little correlation, if any, can be seen for the 

four stations represented. This is to be expected, however, 

since these stations are spaced at distances which are large 

compared to the significant seismic wave lengths in the 

accelerograms and their geological conditions and wave pro

pagation paths could be quite different with each other. 

(4) Among the four stations of area group D represented in Figs. 

3.6, the intensity functions look quite similar except for 
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station No. 148. The directions of principal axes are quite 

similar for stations Nos. 145 and 172 and are also similar for 

stations Nos. 137 and 148. They are, however, different 

between those two groups. 

(5) In Figs. 3.7, the directions of the major principal axes for 

stations Nos. 440, 184 and 187 are quite similar with one 

principal axis directed towards the reported epicenter in each 

case. These same features at station No. 425 are, however, 

dissimilar. 

Figures 3.8 through 3.11 are maps of areas in southern 

California showing the horizontal directions of the major and inter

mediate principal axes at the period when the motions are of highest 

intensity. The map in Fig. 3.9 is an enlargement of the small rectan

gular area in Fig. 3.8 showing the extended Los Angeles and San Fernando 

regions. Similarly the map in Fig. 3.10 is an enlargement of the small 

rectangular area in Fig. 3.9 showing the cities of Los Angeles, 

Hollywood and Beverly Hills. The maps in Figs, 3.11a through 3.11c 

show area groups B, E and F,respectively. 

While the correlation is not strong, there is a tendency of 

the directions of the major principal axis or, in some cases, the inter

mediate principal axis to point in the general direction of the fault 

slip zone as shown in Fig. 3.9 [20] which is also the general direction 

towards the previously reported locations of surface fault traces south 

of the epicenter [13]. The concept of intensity defined here is 

identical to that defined by Arias [2]. Therefore, one can speculate 

that the direction of the major principal axis coincides with the 

direction to maximum energy release in the fault slip zone. 
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Obviously, in the case of motions produced by the San Fernando earthquake, 

such factors as the complex mechanism of strain energy release, the 

dispersion of seismic waves due to variable geological conditions, the 

complex geology around the fault slip zone, the closeness of the 

recording stations to the fault slip zone and the possible influence of 

soil-structure interaction weaken this correlation. It should be 

pointed out that the horizontal directions of the major and inter-

mediate principal axes obtained from time averaging over the entire 

durations of motion are in most cases quite similar to those shown in 

Figs. 3.8 through 3.11. 

B. FREQUENCY DOMAIN ANALYSIS 

1. General 

The moving-window technique, as applied in the time domain 

formulation, can be applied in the frequency domain as well. In this 

case, however, the variances and covariances are evaluated as con-

tinuous functions of frequency f . 
o 

Using the Fourier integral trans-

formation, variances and covariances are obtained through the relation 

].1 •• (f ,b.f) 
lJ 0 

lC~ 
where 

~ {(:+ 
b.f f + b.f 
2 r 2 

(2 . f) 2'ITift df + (2 . f) 21Tift A. 1Tl e A. 1Tl e 
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and where T denotes the total duration of ground motion. 

In the frequency domain formulation, the principal trans-

formation matrix P is given as a function of frequency f and 
o 

frequency bandwidth ~f, i.e. P = P (f ,~f). 
o 

This formulation allows 

one to investigate directions of principal axes, variances, covariances, 

etc. associated with only those frequencies of ground motion in the 

range of (f - ~f ) < f < (f + ~f) Hopefully, this approach can be 
02- 02' 

used to reveal certain characteristic features of the various types of 

seismic waves associated with strong ground motions. 

2. Results at Station No. 264 

Direction angles ~ and e and the square root of the 

principal variance (0) have been obtained as functions of frequence 

for the major, minor and intermediate principal axes of the ground 

motion at station No. 264, located in the basement of the Millikan 

f 
o 

Library at the California Institute of Technology, Pasadena, California. 

Using the frequency domain formulation, one can obtain 

frequency dependent characteristics of principal axes as shown in 

Figs. 3.12a through 3.12c. Again the solid, short-dashed and 

intermediate-dashed curves represent the results for the major, minor 

and intermediate principal axes, respectively. These figures show 

properties of principal axes using different values for frequency band-

width (~f) and for spacings between discrete values of frequencies (f ). 
o 

The values of bandwidth and spacings represented in Figs. 3.12a, 3.12b 

and 3.12c are, respectively, 0.488 and 0.244, 0.977 and 0.488, and 1.953 

and 0.488 Hz. Based on these results, it was judged that values near 

0.977 and 0.488 Hz could be used for the motions recorded at other 

stations. 
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3. Results Through The Frequency Domain 

The moving-window formulation in the frequency domain has been 

carried out at 29 site stations in the area groups previously described. 

The results for those stations in area groups A through F are shown in 

Figs. 3.13 and 3.14 and in Appendices A and C. Information on site 

locations can be found in Tables 3.1 through 3.5 and in Table A.l. 

4. Observation of Results 

While many features of the frequency domain functions shown in 

Figs. 3.13 and 3.14 and in Appendices A and C are as unexplainable as 

certain features of the time domain functions, there are some 

characteristics and correlations which can be identified among area 

groups or geological conditions as follows: 

(1) Usually in the lower frequency range, the major and inter

mediate principal axes take nearly horizontal positions, while 

in the higher frequency range, the minor principal axis shifts 

towards a horizontal position with the major principal axis 

taking a vertical position. 

(2) The major and intermediate principal axes are observed to 

interchange their horizontal positions several times at most 

stations. At station No. 211 (Fig. 3.14b), they interchange 

positions at frequencies around 1.0 and 3.0 Hz. At station 

No. 137 (Fig. C.2a), they interchange positions three times 

at frequencies around 1.5, 4.5 and 7.0 Hz. 

(3) Among several stations, such as Nos. 202, 196, 199, 126, 127, 

172, 184 and 187 (Figs. 3.14, C.l, C.2 and C.3), the horizontal 

direction of either the major or the intermediate principal 
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axis coincides with the general direction to the reported 

epicenter. The relationship between general direction of the 

major principal axis and direction to the epicenter is, how

ever, not highly correlated. 

(4) Usually, the principal variances along the minor principal axis 

are more uniform than the principal variances along the major 

or intermediate principal axis. Therefore, it may be con

cluded that the spectral density distribution for the minor 

principal axis is approximately uniform, i.e. the spectral 

density distribution is similar to white noise. 

(5) Based on the results in Figs. 3.13, the motions for sites on 

hard geology generally have peak variances in the higher 

frequency range and are quite narrow band. However, motions 

for sites on soft geology generally have peak variances in the 

lower frequency range and are quite wide band. This observa

tion is in general agreement with site dependency effects as 

previously reported in the literature [40]. To check further 

for evidence of site effects on the dominant frequency, i.e. 

the frequency corresponding to maximum intensity, the results 

shown in Fig. 3.15 were plotted. This figure shows number of 

stations versus dominant frequency for three site conditions 

(hard, intermediate and soft) within area groups A through F. 

The correlation in this case is quite weak; however, it should 

be recognized that the site classifications are not too 

reliable. 
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C. MAXIMUM VARIANCES AND COVARIANCES 

1. General 

Cross correlation coefficients, obtained through the relation 

p .. 
1J 

< [a. (t) - a.l [a.(t) - a.l > 
1 1 J J 

i,j = x,y,z 

cr. cr. 
1 J 

(3.5) 

take values in the range of -1 and +1. If the ground motion processes 

are completely dependent, i.e. they are identically the same, the cross 

correlation coefficients are either +1 or -1 depending upon the 

directions of the processes. On the other hand, if the processes are 

completely independent of each other, the cross correlation coefficients 

equal zero. As previously shown ground motions along principal axes are 

independent in a statistical sense; therefore, the corresponding cross 

correlation coefficients equal zero. Axes along which the ground 

motions provide maximum cross correlation coefficients can be identified 

by the procedure previously described. In the following section of this 

report, principal variances and principal cross correlation coefficients 

obtained by the moving-window technique are presented. 

2. Results of Maximum Variances and Covariances 

Principal variances, maximum covariances and principal cross 

correlation coefficients are evaluated for motions recorded at stations 

in area groups A through F. The results for stations in area groups 

A and B are shown in Figs. 3.16 and 3.17, respectively, and those for 

other stations are included in Appendicies A and D. Each figure con-

sists of four diagrams showing the following. 
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(1) Principal variances along the major, minor and intermediate 

principal axes which are represented by the solid, short-dashed 

and intermediate-dashed curves, respectively. 

(2) Ratios of the intermediate and minor principal variances to 

(3) 

the major principal variance which are represented by the 

intermediate-dashed and short-dashed curves, respectively. 

Mean variances equal to 

and 
1 
2 

1 
2 []122 (t) + ]133 (t) ] , 

1 
2 

along axes 

1 
giving the corresponding maximum covariances 2 []122(t) - ]133(t)], 

1 
and 2 []111 (t) - ]133(t)] which are shown by the solid, 

intermediate-dashed and short-dashed curves, respectively. 

(4) Principal cross correlation coefficients P23' P13 and P
12 

obtained as ratios of the maximum covariance to the cor-

responding mean variance, e.g. P23 (t) = []122(t) - ]133(t)l/ 

[]122(t) + ]133(t)], which are represented by the solid, 

intermediate-dashed and short-dashed curves, respectively. 

3. Observation of Results 

Based on the time dependent properties of principal variances, 

the variances along principal axes vary with time in different manners. 

Observed, however, that the ratios of the intermediate and minor 

principal variances to the major principal variance are stable during 

periods of high intensity motion. Since high energy is represented 

during these periods, their statistical properties will be considered of 

major importance in characterizing the ground motion process. Therefore, 

the most significant statistical properties were evaluated at that time 

when the motion was of maximum intensity. Such results obtained for 
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each geological classification are summarized in Table 3.6. It is 

apparent that the ratios of the intermediate and minor principal 

variances to the major principal variance, though they differ with 

geological conditions, are approximately 0.5-0.7 and 0.15-0.25 with the 

standard deviations of 0.2 and 0.1, respectively. 

Cross correlation coefficients for motions along instrument 

for many earthquakes including the San Fernando earthquake were reported 

in the. literature [11]. Statistical properties of these cross cor

relation coefficients are shown in Table 3.7. Of the 104 instrument 

stations included in this table, several are located at the top of 

buildings. 

Similar to those of principal variances, statistical pro

perties of cross correlation coefficients evaluated during periods of 

high intensity motion are shown in Table 3.8. Using these results, 

average ratios of principal variances ~33/~22' ~33/~11 and ~22/~11 

were found to be 0.50, 0.22 and 0.43 on hard geology, 0.21, 0.15 and 

0.73 on intermediate geology and 0.31, 0.17 and 0.56 on soft geology, 

respectively. These ratios correspond with the ratios of principal 

variances at the time of highest intensity as shown in Table 3.6. 

Although the number of samples is quite limited, it can be concluded 

that there is a general correlation between geological classification 

and ratios of principal variances. Based on the results in Table 3.8, 

the principal cross correlation coefficient between the major and 

intermediate principal axes (P12) is smaller for soft geology than 

for hard geology. In all cases studied, the minor principal axis at 

time of maximum intensity is nearly vertical. When this occurs and the 

principal cross correlation coefficient P
12 

equals zero, the motions 
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in the horizontal plane are statistically independent regardless of the 

directions of components. 
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TABLE 3.7 STATISTICAL PROPERTIES OF CORRELATION COEFFICIENTS 
FOR STRONG MOTION ACCELEROGRAMS RECORDED AT 104 
SITES [11] 

TRUE STANDARD ABSOLUTE ABSOLUTE ABSOLUTE 
COMPONENTS MEAN DEVIATION MEAN MAXIMUM MINIMUM 

HI' H 
2 

0.0029 0.2116 0.1632 0.6801 0.0014 

HI' V 0.0187 0.1774 0.1387 0.4957 0.0004 

H
2

, V 0.0055 0.1841 0.1321 0.7430 0.0005 
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Fig. 3.1 Directions of principal axes in three-dimensional 
space. 
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Fig. 3.3 Time dependent directions of principal axes and 
square root of principal variances in area A. 
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Fig. 3.5 Time dependent directions of principal axes and 
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square root of principal variances in area D. 



c 

90 

« 45 

f-
w 0 
I 

f- - 4 5 

-90 

60. 0 

«40.0 
L 
C) 

",20.0 

o 

d 

90 

60 
I 
CL 30 

0 

90 

« 4 5 

f-
w ·0 
I 

f- - 4 5 

-90 

60. 0 

«40.0 
L 
D 

",20.0 

o 

80 

STATION NO. 172 3403 26N,118 15 02W 
800 W. FIRST STREET, 1ST FLOOR, LOS ANGELES, CAL. 

o 5. 0 1 o. 0 1 5 . 0 20. 0 25. 0 30. 0 

o 

~ 
L / V 

\ 

I 
,,-' 

-' 

--I- \;, / -/ \' ' '- \ / "-".,,- - - \- I- T -:- - r - -: -:- - - - -
" r ~ /. , 
,,~' -_.... ...,,_ ............................ ' 

~'-"'---------

--... ' 

5. 0 10.0 15.0 20.0 25. 0 30. 0 

TIM E [S E C . J 

S TAT ION NO. 145 3 4 0 3 2 5 N, 118 1 5 0 3 W 
222 FIGUEROA STREET, 1ST FLOOR, LOS ANGELES, CAL. 

o 5. 0 10. 0 I 5 . 0 20. 0 25. 0 30. 0 

- _I-!- ~~ v,~ _ f- - r- - 1-. - - - 'r-:- - - ~~ - -
\ I \ ..... ;:.i. r I : ~~ \ 

o 5. 0 10.0 15.0 20.0 25. 0 30. 0 

TIME [SEC. J 

Fig. 3.6 (cant inued) 



81 

a STATION NO. 425 3403 46N,l18 24 S2W 

1800 CENTURY PARK EAST, BASEMENT P-3 LOS ANGELES, CAL. 

o 5. 0 10. 0 15. 0 20. 0 Z 5. 0 30.0 
i I j 

90 

60 
I 

0.- 30 

0 

90 

« 4 5 

f--
w 0 
I 

f-- - 4 5 

1 ..... -'-/ 

- 9 0 

40. 0 

30. 0 
« 
L 
Cl 20. 0 

U) 

1 O. 0 

--------~ 

It ,::---- ~_, 
~/, I~~-

0 
0 5. 0 10.0 15.0 20.0 25. 0 30. 0 

TIME (SEC.) 

b STATION NO. 440 34 03 44N,l18 24 SOW 

1880 CENTURY PARK EAST. PARKING, 1ST LEVEL, LOS ANGELES, CAL 

o 5. 0 1 0 . 0 1 5 . 0 20. 0 25 . 0 30. 0 

90 

« 4 5 , " 
//----------.... ~~----- ..... -

f--
w 0 
:r: 
f-- - 4 5 

\ 

- 9 0 \ 
--, 

.... , J 

60. 0 

« 4 0 . 0 
L 
c:J 

U) 20. 0 1"---

0 
0 5. 0 10.0 15.0 20.0 25 . 0 30. 0 

-T I M E (S E C . ) 

Fig. 3.7 Time dependent directions of principal axes and 
square root of principal variances in area E. 
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Fig. 3.13 Frequency dependent directions of principal axes 
and square root of principal variances in area A. 
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Fig. 3.16 Time dependent principal variances and principal 
cross correlation coefficients in area A. 
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Fig. 3.16 (continued) 
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STATION NO. 217 3403 42N,118 18 24W 

3710 WILSHIRE BLVD. BASEMENT, LOS ANGELES, CAL. 

o 5. 0 1 0 . 0 1 5 . 0 20. 0 25. 0 30. 0 

o 5. 0 10.0 15.0 20.0 25. 0 30.0 
TIME (SEC.) 

STATION NO. 211 3403 42N, 118 18 06W 

3550 WILSHIRE BOULEVARD, BASEMENT, LOS ANGELES, CAL. 

o 5. 0 

I: '" 
I' ' -:::"_' 

10. a 

--- --_ .. 

15. a 2 a . a 25 . 0 30. 0 
, i I 

.. - ;:_---_ .... _--- -:,,~"' ..... _/ 

3000 

~:::t3f£C:§~.1 I 
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TIME (SEC.) 

Fig. 3.17 Time dependent principal variances and principal 
cross correlation coefficients in area B. 
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c STATION NO. 20B 3403 40N,11B 17 5BW 

3470 WILSHIRE BLVO •• SUBBASEMENT. LOS ANGELES. CAL. 

o 5. 0 10. 0 15. 0 20. 0 25. 0 30 0 

o 5. 0 10.0 15.0 20.0 25. 0 30. 0 

TIME (SEC.) 

d STATION NO. 431 3403 45N, IB 17 56W 

616 S. NORMANDIE AVENUE, BASEMENT. LOS ANGELES. CAL. 

o 5. 0 10. 0 15. 0 20. 0 

o 5.0 10.0 15.0 20. 0 

TIME (SEC.) 

Fig. 3.17 (continued) 
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e STATION NO. 202 3403 45N, 118 17 57W 

3411 WILSHIRE BOULEVARD, 5TH BASEMENT, LOS ANGELES. CAL. 

o 5. 0 10. 0 15. 0 20. 0 25.0 

o 5. a 10. 0 15. a 20. a 25. a 
TIME [SEC.) 

f STATION NO. 196 3403 4SN.118 17 43W 

3345 WILSHIRE BOULEVARD, BASEMENT, LOS ANGELES, CAL. 

o 5. 0 10. a 1 5 . a 20. 0 25. 0 30.0 

o 5. 0 10.0 15.0 20.0 25. a 3 a . a 
TIME [SEC.) 

Fig. 3.17 (continued) 



100 

9 STATION NO. 199 3 4 0 3 4 ~ N . 118 1 7 4 3 W 

3407 6TH STR~ET. BASEM~NT. LOS ANGELES. CAL. 

o 5. 0 10 . 0 1 5 • 0 20 . a 25 . 0 30 . 0 

~ :::: i 
> 200 0 

u 1000 

o 

~ :::: I 
> 2000 

Q 1000 

o 
o 5. 0 10.0 15.0 20.0 25. 0 30 . 0 

TIME (SEC.) 

Fig. 3.17 (continued) 
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IV. FREQUENCY CONTENT OF GROUND MOTIONS ALONG PRINCIPAL AXES 

A. GENERAL 

The variation of frequency content with time has been examined 

previously using the concept of an evolutionary spectrum [33,34,28] and 

the concept of a response envelope spectrum [45]. While the use of these 

concepts is desirable, they cannot be applied to the moving-window 

technique adopted in this study. Applying the moving-window technique, 

Fourier amplitude spectra are obtained for the principal components of 

motion of duration ~T centered on time t 
o 

The concept of power and power spectrum will be reviewed 

briefly [9]. Let a, (t) 
1 

and A, (W) 
1 

represent a real time function and 

its corresponding Fourier frequency function, respectively. In this 

discussion, a, (t) 
1 

represents acceleration of motion and power will be 

regarded as the square of the magnitude of process a, (t) , 
1 

even though 

it does not have units of energy per unit of time. Thus, the square of 

a, (t) a t time t, i. e . 
1 0 

1 a, (t ) 12 
1 0 

is termed the instantaneous power at time t . 
o 

Correspondingly, the 

integral of instantaneous power over the range - 00 < t < + 00, i.e. 

co 

I la,(t)1
2 

dt 
1 

-00 

is called total energy of process a, (t) 
1 

(4.2) 

when the infinite integral has 

a finite value. In practical applications, this integral always has a 

finite value since the record length of a, (t) 
1 

is limited. Theoretically, 

this integral converges when the time function is defined only in a 
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finite length or the time function satisfies the Dirichlet's conditions 

in a mathematical sense. The average power of time function 

obtained through the relation 

lim 
14«' 

1 
T J 

T 
2 

T 
2 

la.(t)1
2 

dt 
1. 

a.(t) is 
1. 

(4.3) 

Process a. (t) will have a zero value of average power, if it has a 
1. 

finite value of total energy as given by Eq. (4.2). 

Correlation functions are defined through the relation 

R .. (T) 
1.J 

::; 

for processes of finite total 

R .. (T) 
l.J 

lim 
T-.+<x> 

f
oo 

a. (t) 
1. 

energy and 
T 
2 

a. (t + T) dt 
J 

through the relation 

~ f a. (t) a. (t + T) dt 

T 
2 

1. J 

(4.4) 

(4.5) 

for processes of finite average power. For processes of the first type, 

the total energy of a. (t) 
1. 

and its corresponding spectrum can be 

related as follows: 

00 (X) 

f I a. (t) 12 dt ::; J a. (t) a. (t) dt 
1. 1. J.. 

_(X) -(X) 

00 

[ 2" 

00 

e
iwt 

dw ] ::; 

J 
a. (t) J A. (w) dt 

J.. J.. 
_00 _00 

00 00 

1 

J A. (w) dw J a. (t) 
iwt 

dt ::; e 
211 1. J.. 

_(X) _00 

(X) 

1 

f A. (w) A. (-w) dw 
211 J.. 1. 

_00 

When function a. (t) is a real process, 
1. 

(4.6) 
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A. (-w) 
~ 
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'* A. (w) 
1 

denotes the conjugate property 0 

(407) 

substituting Eq. (4.7) into 

Eq. (4.6), Eq. (406) becomes 

00 00 

I la.(t)1
2 

dt 
1 

J * A. (w) A. (w) dw 
1 27f 1 1 

-00 ~OO 

00 

1 

J IA. (w) 12 dw (4.8) 
27f 1 

-00 

The left hand side of Eq. (4.8) represents the total energy of process 

a. (t) 
1 

and the quantity IA. (w) 12 on the right hand side represents 
1 

energy density associated with a frequency w which will be called 

energy spectral density. This relationship is usually referred to as 

Parceval's theorem. For processes of finite average power, the relation 

in Eq. (4.8) is slightly changed. Manipulating Eq. (4.5), one finally 

obtains the relation 
T 
2 

R .. (0) 
11 

lim 
1 

I a. (t) 
T 1 

T-W> 
T 
2 

[ 2rr 
lim 2!T LT 
T-W> 

a. (t) dt 
1 

IA. (w) 12 dw 
1 

+ J 
00 

27f 
T 

The quantity IA.(w)1
2
/T in Eq. (4.9) represents average power of t:he 

1 

process per unit frequency and will be called power spectral density. 

B. NORMALIZED FOURIER AMPLITUDE SPECTRUM WITH MOVING-WINDOW TECHNIQUE 

Suppose a (t), a (t) 
x y 

and a (t) 
z 

represent respectively the 

ground accelerations along the x, y and z axes. The moving-window 
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Fourier amplitude spectrum using a window length ~T centered at time 

t is defined by 
o 

If. (w, t , 
1. 0 

t 
~T 

+ 
2 

~T) I 

f.(w,t,~T) (4.11) 
1. 0 

I 0 
-iwt 

a. (t) e dt 
~T 

1. 

t 
0 2 

i = x,y,z 

Using a similar procedure, a set of moving-window Fourier amplitude 

spectra along principal axes, 1, 2 and 3, is given by 

A . (w, t , ~T) 
1. 0 

i 

~(w, t , ~T) 
0 

where 

yew, t , liT) = 
0 

a (t) 

If. (w, t , ~T) I 
1. 0 

1,2,3 

6T 
t +-

2 I 0 

~T 
t 

2 0 

fl (w, 

f
2

(w, 

f
3

(w, 

a (t) 
x 

a (t) 
y 

a (t) 
z 

pet ) 
0 

t , liT) 
0 

t , liT) 
0 

t , liT) 
0 

aCt) 
-iwt 

e dt 

and P(t) 
o 

denotes the principal transformation matrix at time 

(4.12) 

(4.13) 

(4.14) 

(4.15) 

t . 
o 

In 

this investigation, a constant window length of five seconds was used. 
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Therefore, ~T can be dropped out of the subsequent equations for 

simplicity. 

Since the Fourier amplitude spectrum usually oscillates 

rapidly, some technique is required to make it smooth. Here, it is made 

smooth through convolution weights 1/4, 1/2 and 1/4, i.e. the smoothed 

Fourier amplitude spectrum is obtained through the relation 

A (w, t ) 
o 

The purpose of the moving-window Fourier amplitude analysis is to 

(4.16) 

examine the general characteristics of the frequency content with time. 

Therefore, the Fourier amplitude spectrum has been made much smoother 

by using the filter of convolution weights more than once. 

Since intensity of ground motion can be expressed in terms of 

variances as previously shown, the moving-window Fourier amplitude 

spectrum can be normalized with respect to its maximum value generated 

for time t. In this report, the normalized moving-window Fourier 
o 

amplitude spectrum is assigned levels of 0 through 5 by the relation 

A. (w, t ) 
1 0 

5X A. (w, t ) 
1 0 

A ~ (t ) 
(4.17) 

1 0 

i 1,2,3 

where A. (w, t ) (i = 1,2,3) represents a so-called normalized moving-
1 0 

window Fourier amplitude spectrum and 

generated at time 

A~ (t ) 
1 0 

t , Le. 
o 

is the maximum amplitude 

(4.18) 
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C. RESULTS AT STATION NO. 264 

Moving-window Fourier amplitude analysis has been carried out 

for the 29 stations previously selected in area groups A through F. The 

Fourier transformations have employed the Fast Fourier Transform 

technique using 256 samples of each function. Since the time intervals 

of digitized data were taken as 0.02 seconds, a time window length of 

5 seconds was selected which is identically the same as that used in the 

time domain formulation of principal axes. 

Spectral amplitudes were evaluated for discrete values of 

frequency up to 8 Hz, were smoothed by weighed convolutions and were 

normalized using the maximum value obtained over the entire frequency 

range. In Figs. 4.1, the time dependencies of frequency content are 

shown using three dimensional spectral diagrams in which the x and y 

axes denote time and frequency, respectively, and the contour lines 

represent levels of the normalized Fourier amplitude spectra. Each line 

denotes a level of 1, 2, 3 and 4, which describes the magnitude of 

spectral amplitude with respect to the maximum magnitude which is 

assigned a value of 5. These figures show the time dependent frequency 

content along the principal axes of the accelerogram recorded at station 

No. 264. Figures 4.1a, b, c and d present the results obtained by 

repeating the smoothing procedure zero, ten, twenty and forty times, 

respectively. 

The shaded zones in these diagrams are areas where the 

normalized Fourier amplitude takes on values greater than four, i.e. 

they represent zones in which the Fourier amplitudes are near peak 

values. In this investigation, the main purpose is to characterize the 

general features of the time dependency of frequency content. For this 
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purpose, the procedure using twenty times filtering was adopted for other 

stations. 

D. RESULTS OF MOVING-WINDOW FOURIER AMPLITUDE SPECTRUM ANALYSIS 

For those stations included in area groups A through F, the 

Fourier amplitude spectrum analysis using the moving-window concept has 

been carried out. The three dimensional diagrams in Figs. 4.2 and 4.3 

and similar diagrams in Appendices A and E represent the time depend-

encies of frequency content for ground motions along principal axes. 

The results for stations in area groups A and B are shown in Figs. 4.2 

and 4.3, respectively, and the results for stations in area groups C-E 

and F are shown in Appendices E and A, respectively. As described 

previously, the shaded zones in those figures represent the highest 

range of spectral magnitude; thus, indicating the corresponding range 

of dominant frequencies at time t . 
o 

E. OBSERVATION OF RESULTS 

It is commonly recognized that power spectral density is a 

most significant characteristic used in simulating a ground motion 

process. Whereas for a nonstationary process most basic statistical 

properties cannot be evaluated theoretically, it is often practical to 

apply procedures to this process which are similar to those used for a 

stationary process and to treat its properties in a statistical manner" 

Using Parceval's theorem, one can estimate the power spectral 

density of the process at time t and the variation of the spectral 
o 

density with time by taking the square values of amplitude of the time 

dependent Fourier spectrum. As these Fourier spectrum diagrams have 

been normalized and made smooth by passing a filter weighing 1/4, 1/2 
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and 1/4 convolutions, one can obtain the general time dependency of 

dominant frequencies and the general shape of the spectral density 

function of the ground motion process. The characteristic features of 

these diagrams can be summarized as follows: 

(1) In several cases, though the results have been smoothed, the 

diagrams show unexplainable complexities which may be caused 

by the complex nature of the ground motions as influenced by 

energy release mechanism, wave propagation path, local geology 

and consequent wave dispersion including possible soil-structure 

interaction effect. 

(2) The dominant frequency is found to have discreasing values 

with time. This property coincides with the results reported 

by Saragoni and Hart [38] which were obtained by separating 

the accelerogram into several segments and determining the 

power spectral density function for each segment. 

(3) In some cases, the dominant frequency changes its value 

(4) 

suddenly at a fixed time which may indicate the arrival of 

different types of seismic waves. 

Spectral density at time t , 
o 

which can be evaluated by a 

cross sectional view of the three dimensional diagram, becomes 

higher and more sharply peaked as the frequency parameter 

increases towards the dominant frequency. It then gradually 

decreases with increasing values of the frequency parameter 

beyond the dominant frequency. This tendency can be observed 

most clearly for the accelerograms which were recorded on 

soft ground. 
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(5) Generally, it is observed that the spectral density functions 

derived from the three dimensional diagrams are less sharply 

peaked for motions along the minor axis than for motions along 

the major and intermediate axes. This tendency agrees with 

the results of the moving-window analysis in the frequency 

domain which show that principal variances along the minor 

axis are more uniform than those along the major and inter

mediate axes. 

(6) The frequency content for motions along the major and inter

mediate axes, both of which are nearly horizontal, is similar 

to each other. In some cases, however, the frequency content 

for motion along the intermediate principal axis is more 

uniform than for motion along the major principal axis. 
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v. GENERATION OF THREE COMPONENTS OF GROUND MOTION 

A. GENERAL 

It is concluded in the previous sections that the three 

translational components of ground motion are independent of one another 

in a statistical sense, provided they are directed along a set of 

principal axes. Therefore, one can simulate three components of ground 

motion by generating them, of which intensity and frequency content are 

given appropriately, independently along their corresponding principal 

axes. One can, if necessary, obtain the three components of ground 

motion along a set of principal axes of the structural system for use in 

dynamic analysis by transforming them in accordance with horizontal and 

vertical rotational angles which may have been determined from the 

relationship between the location of the structural system and the 

possible location of an earthquake. 

In the first part of this chapter, the methodology to generate 

a one-dimensional non stationary random process in both intensity and 

frequency content is introduced. Four sample processes are produced by 

employing this method. In the second part, this methodology is applied 

to the simulation of three components of motion along principal axes, 

each of which is provided with appropriate intensity and frequency 

content. Based upon an assumption of relationship between the location 

of the structural system and that of the epicenter, these three com

ponents along a set of principal axes are transformed and three com

ponents along a set of structural principal axes are produced. Finally, 

assuming as if these three components were recorded by an accelerograph 

of which axes coincide with structural principal axes, directions of 

principal axes of ground motion, principal variances of ground motion 
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and frequency content of principal motion are evaluated through the 

routine procedures which have been employed in the previous chapters to 

analyze the ground motions produced by the San Fernando earthquake. 

B. SIMULATION OF A NONSTATIONARY PROCESS 

1. Generation of a Random Process Having an Arbitrary Power Spectral 
Density. 

The common procedures to simulate a nonstationary random 

process which has an appropriate spectral density are roughly classified 

as shown in Table 5.1 [30]. The method employed in this investigation 

belongs to the (III)rd group, which has been proposed by Toki [44,16]. 

The method is to generate a random process having an arbitrary spectral 

density by superposing a sufficient number of sinusoidal waves. The 

technique is explained briefly in the following. Let a ground motion 

process aCt) be represented through the relation 

aCt) j[ N 
- L N 

n=l 
cos (n t + ¢ ) 

n n 
(5.1) 

in which and ¢n are probabilistic variables which denote the 

circular frequency and the phase angle of the sinusoidal wave, respec-

tively. Suppose that the probabilistic distribution of nn is 

expressed by probability density function pen) and that the variable 

¢n is distributed uniformly over the range 0 < ¢ < 2TI. The auto

correlation function of process aCt) is given by 

R (T) = E [aCt) aCt + T)] 
a 

1 
2 

E [cos n T + cos {n(2t + T) + 2¢}] (5.2) 

Since the phase angle ¢ is assumed to be distributed uniformly, the 

second part of the expected value in the right hand side of Eq. (5.2) 
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equals zero and Eq. (5.2) becomes 

R (T) 
1 

E[cos n T] 
a 2 

00 

1 

f • pen) dn 
2 

cos n T (5.3) 

_00 

The probability density function pen) is symmetrical with respect to 

n 0, therefore, Eq. (5.3) is written in the range n > 0 through 

R (T) 
a 

00 I cos n T • pen) dn 

o 

(5.4) 

Let the power spectral density of process aCt) be designated by Sew). 

As the power spectral density function is expressed as a Fourier pair 

of the corresponding auto-correlation function, the power spectral 

density function is given through the relation 

00 

sew) J R (T) 
-iwT 

dT e 
a 

-00 

r 00 

pen) dn I -iwT 
dT cos n T e 

0 _00 

'IT r p (n) {o(w-n) + o(w+n)} dn 

0 

'IT p (w) (5.5) 

in which 0 denotes a Dirac's 6 function. Equation (5.5) indicates 

that the power spectral density of the process is similar to the pro-

bability distribution function of the circular frequency of sinusoidal 

waves by 'IT. An average power of one sinusoidal wave is expressed 

through 



1 
T f 

o 

T 
2 

cos (l1t+~) dt 
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+ _s_i_n_2_4...:.~....!11-,,-t_+-,-~.:-) ]: (5.6) 

Since phase angle ~ is assumed to be uniformly distributed, an average 

power is expected to be 1/2. Therefore, if N sinusoidal waves are 

superposed, the expected average power will be equal to N/2. 

Using Toki's method, one can simulate a ground motion process 

which has an arbitrary power spectral density giving an appropriate 

probability distribution to the variable circular frequency 11. 

2. Generation of a Random Process Having Nonstationary Frequency 
Content 

To simulate a strong ground motion process as a nonstationary 

random function in frequency content has been studied by a few, such as 

by Bogdonaff et al. [7] or Hart et al. [38,18]. The former method is to 

superpose sinusoidal waves having their own deterministic intensity 

functions individually. The later one is to devide the process into 

several separate segments and to generate a stationary process within 

each segment having an appropriate power spectral density independently. 

The method employed in this investigation to generate a non-

stationary random process is to divide a process into segments in a 

continuous manner and superpose sinusoidal waves of which spectral 

density function will coincide with the prescribed time dependent 

spectral density function. The procedures are as follows: 

(i) Let G denote the time dependent spectral density of motion 

which is defined in the range 0 < t < T, where T designates 

the duration of motion. 
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(ii) Generate a random number t which is uniformly distributed 
a 

between a and T. Then one can obtain the spectral density 

G = G (w,t) at time t. 
a a 

(iii) Applying Toki's method, within a small segment of ~T being 

centered at t, generate a sinusoidal wave of which 
o 

circular frequency is n whose probability distribution is 

similar to that of spectral density function G (w,t ), 
a 

and 

of which phase angle is distributed uniformly over the range 

o ~ ¢ < 2n. One cannot always find an appropriate sinusoidal 

wave at this step. If not, one should return to step (ii) 

and then continue on. 

(iv) To satisfy the continuous boundary at the ends of the 

segment, the sinusoidal wave is passed through a filter 

which has the property 

H (t) 0 

lim H(t) 

~T 
t -+ t + a 2 

In this report, a cosine bell 

H(t) 0 

t < t 
a 

t > t 
a 

0 

function 

t < 0 

t > ~T 

+ 

H (t) 
1 
2 ( 

2nt) 1 - cos l!.T 

is adopted for the filtering procedure. 

~T 

2 

~T -
2 

o < t < 6T 

(5.7) 

(5.8) 
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(v) Repeat the procedures from (ii) through (iv) and simulate a 

nonstationary random function of duration T by superposing 

a certain number of sinusoidal waves of short duration ~T. 

(vi) Finally mUltiply the process by a deterministic intensity 

function which gives an appropriate nonstationarity to the 

intensity of motion. 

It should be noticed that the variance of the process, which 

is given by 

E [a(t ) a(t )J 
o 0 r 

-00 

G (w,t ) dw 
o 

(5.9) 

will be dependent upon time t , 
o 

depending upon the shape of the time 

dependent power spectral density function. If the variances of the 

process vary with time t , 
o 

one cannot produce random process a(t) 

with an appropriate deterministic intensity by multiplying it with 

intensity function ~(t). 

Identical to the case of recorded strong ground motion, the 

integrated velocity and double integrated displacement of the simulated 

motion often have unreasonable diverging values with time. The baseline 

correction of the simulated accelerograms are performed by fitting a 

parabolic curve to the velocity history by a least square method [6]. 

As previously reported [23J, due to the parabolic curve correction, an 

offset of the accelerogram is introduced at the ends of motion. There-

fore, a small linear correction is carried out at the beginning of the 

accelerogram which will make it possible for the acceleration to start 

from zero. This correction might cause the integrated velocity or 

double integrated displacement curves to be altered but it makes 

negligible changes in the acceleration curve. 
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C. EXAMPLES IN ONE-DIMENSIONAL FORM 

1. Review of Past Simulated Motions 

Spectral density function G(w) and deterministic intensity 

function ~(t) are commonly recognized to be the most significant 

characteristics for simulating a ground motion process. One can find 

many types of spectral density and deterministic intensity functions 

proposed previously. Most of them have been derived by analyzing actual 

records and introducing empirical relations such as 

h
2 

2 
1 + 4 

w 
g 2 

v 
G(w) 

g 
B 

C 
2 2 

w + 4 h
2 w 

2 g 2 
v v 

g g 

(5.10) [43] 

G(w) 
1 a K 1 a K 

= - + 
2 2 2 2 2 2 

(w-8 ) + a (w+8 ) + a 
(5.11) [8] 

2 
(a

2 
+8

2
) 

G(w) 2 
w + 

B il 
4 222 (a. 2 +8 2 ) 2 0 

w + 2(a. -8 ) w + 
(5.12) [4] 

_b2w2 
2 

2 2 
-4b w 

G(w) Al e + A2 w e (5.13) [22] 

2w 

2 
w 

2 
p 

G(w) 
w e 

3 
'IT w 

(5.14) [44] 

P 

to serve as the spectral density function for simulated motions [30]. 

Similarly, many investigators have established the shapes of intensity 

functions which give deterministic nonstationarity to the process. The 

functions 



S (t) 

Set) = 

\ :ct ae 

I 0 -ct 
ate 

o 

e 
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t 

t 

t 

t 

I-t/t 
p 

< 0 

> 0 

< 0 

> 0 

I 
(ttlY 0 

(5.15) [8] 

(5.16) [7] 

t < 0 

(5.17) [41] 
t > 0 

t < 0 

(5.18) [44] 
t > 0 

o < t < t - 1 

Set) (5.19) [1] I tl < t < t 
0 

-c(t-t ) 
2 

I 
2 

t2 < t e 
0 

I (a1 
t) 

-ct + a
2 

e 
2 

leal + a
2 

t) 
-ct 

e 

and those by Jennings, et al. [23] have been employed for this purpose. 

2. Characteristics of Simulated Motions 

Four samples are produced which have nonstationary properties 

in both frequency content and intensity. For a spectral density function, 

the type which has been proposed by Kanai and Tajimi [43] is employed, 

G G(w,t) 
2 

1 + 4 h
2 w 
g 2 

v 
= B (5.21) 

2 
4 h

2 w 
+ 

2 g 
v 

g 
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in which w denotes circular frequency and \! 
g 

and h 
g 

represent the 

dominant circular frequency and a parameter which indicates sharpness of 

the peak, respectively. The dominant circular frequency 

to be dependent upon time, having the form 

\! \! (t) 
g g 

a 
c 

bt + 1 

\! 
g 

is assumed 

(5.22) 

Coefficients a, band c in Eq. (5.22) are fixed as 5.027 x 101 , 

-2 
1.550 x 10 and 2.041, respectively, in which case the dominant circular 

frequencies at time t 0, 6 and 20 second become 

\! (0 ) 2'Tf • 8 
g 

\! (6) 2'Tf . 5 
g 

\! (20) = 2'Tf . 1 
g 

showing a rapid change in the dominant frequency with time. The parameter 

h is fixed at 0.3 over the entire duration of motion. 
g 

For a deterministic intensity function, the shape 

-ct 
e (5.23) 

proposed by Iyengar [22] is applied. Coefficients a
l

, a
2 

and care 

-1 
determined as 0, 4.53 x 10 and 1/6, in which case the resulting maximum 

intensity of s(6) becomes unity and ratios s(12)/s(6) and s(20)/s(6) 

become 0.74 and 0.32, respectively. 

As derived from Eq. (5.9), the variances of the process are 

given through 



E[a(t) aCt )] 
o 0 

= 

where V is equal to 

(X) 

J 

(X) 

J 
_(X) 
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G(W,t ) dw 
o 

2 
1 + 4 h 2 W 

g7 g 

+ 4 h
2 
g 

2 
B dw 

W 

2 
v 

g 

V (t ) 
g 0 2 2 2 2 

(l-V) + 4 h v 
g 

v (t ) • C • B 
g 0 

B dV 

w/v and C given by the integral can be 
g 

(5.24) 

expressed as C = C (h ). 
g 

To give an appropriate deterministic intensity 

by the shape function, the variances of the process should be distributed 

uniformly, i.e. the integral of power spectral density function should 

have identical values at every time t . 
o 

The parameter h 
g 

in this 

investigation is assumed to be constant over the entire duration of 

motion. Therefore, to yield uniform variances to the process, the 

quantity B should be given by 

B B (t ) 

-

o 
-
B 

V (t ) 
g 0 

(5.25) 

in which quantity B is constant either with circular frequency w or 

with time t. Having obtained the process of uniform variances and of 
o 

nonstationarity in frequency content using the spectral density function 



G(W,t) 

\! 
g 
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1 + 4 

2) 
1 <~ 

\! (t) 
g 

h
2 
g 

+ 4 

2 
W -

2 
\) 

h
2 

2 
W 

g 2 
\) 

g 

, the process is multiplied by the deterministic 

-B-
-
\) 

g 

(5.26) 

intensity function given by Eq. (5.23) and the zero baseline is deter-

mined by a parabolic curve to give reasonable velocity and displacement 

time histories. Figures 5.1a and S.lb show the prescribed properties 

of the deterministic intensity function and the spectral density func-

tion, respectively. It might be noticed that the deterministic function 

is plotted in term of 

l;;" (t) 
1 

l;;(t) (5.27) 
12 

and the spectral density is expressed in terms of the Fourier amplitude. 

3. Presentation of Examples 

Based upon the prescribed power spectral density and deter-

ministic intensity, four samples are produced. The time histories and 

their spectral diagrams obtained by a Fourier amplitude spectral analysis 

with a moving-window technique are presented in Figs. 5.2 through 5.5. 

These spectral diagrams are evaluated by passing the filter of con-

volution weights and smoothed. The shaded zones represent the dominant 

frequency with time t , 
o 

which were obtained in identically the same 

manner described in the previous chapter. 

4. Observation of Results 

For illustration, the time dependent characteristics of the 

dominant frequency is assumed to vary with time in a rapid manner in 
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these examples. The sample random processes seem to be obtained with 

much success. The general tendency of the time dependency of frequency 

content coincides well with that of the prescribed spectral density and 

the intensity agrees well with the prescribed deterministic shape 

function. 

The method introduced in this investigation cannot always be 

applied to the simulation of a random process having an arbitrary non-

stationarity in both frequency content and deterministic intensity. The 

difficulty lies in determining a form of time dependent spectral density 

function which has an arbitrary form at any time but retains identical 

variances, i.e. the same quantity of power over the entire duration of 

motion. For example, if in Eq. (5.21) both parameters h and V were 
g g 

assumed to change with time, the evaluation of quantity B to give 

uniform variances over the entire duration of motion might become 

difficult. It is concluded, however, that if a spectral density function 

having a shape which varies with time but having power independent of 

time can be found, the random process having nonstationarity in both 

frequency content and deterministic intensity can be simulated. 

D. EXM1PLES IN THREE-DIMENSIONAL FORM 

1. Characteristics of Simulated Motions 

Previously general characteristics of motion along a set of 

principal axes are evaluated by analyzing recorded motions produced by 

the San Fernando earthquake and a method to generate a nonstationary 

process both in frequency content and intensity is introduced. As the 

principal axes of motion are defined along which the components of 

motion are statistically independent of one another, the methodology 

used to simulate a one-dimensional nonstationary process can be extended 



129 

to the simulation of three components of motion. If desired, one can 

easily obtain components of motion along structural principal axes for 

use in dynamic analysis by multiplying the principal components by a 

transformation matrix which defines coordinate rotation between the 

principal axes of motion and the principal axes of the structural system. 

The shapes of spectral density function along principal axes 

are specified to take similar forms given by 

4 .h
2 

2 
1 + W 

:1. g -
.G(w,t) B 

(5.28) 
:1. (1 - 2 2 .\) 

W + 4 h W :1. g 
2 i g 2 

.\) .\) 
:1. g :1. g 

i 1. 2,3 

which is identical to that used in the one-dimensional simulation. In 

the three-dimensional simulation, the dominant circular frequency which 

is assumed to be time dependent will take a form changing moderately 

with time, i. e. 

. \) . \) (t) 
:1. g :1. g 

2TI (at + b) (5.29) 

i 1,2,3 

where coefficients a and b are equal to -2/25 and 17/5, respectively, 

and the resulting dominant circular frequencies v (5) 
i g 

and \) (30) 
i g 

(i=1,2,3) equal 6TI and 2TI, respectively. The parameter h 
i g 

in the 

power spectral density function is assigned values 0.2, 0.3 and 0.6 for 

the major, intermediate and minor principal axes, respectively. These 

values reflect the finding that the minor component of motion consists 

of a wider frequency range than the intermediate component and that the 

intermediate component consists of a wider frequency range than the major 
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component. As the number of sinusoidal waves being superposed is 

identically the same among the three components, the quantities of 

average power of these simulated components are specified to be identical. 

Thus, one can obtain the processes of which variances are distributed 

uniformly not only over the entire duration of motion but also among the 

three components. Therefore, appropriate intensities can be given by 

mUltiplying principal motions by their corresponding deterministic 

intensity functions. The deterministic intensities of motion along the 

major, intermediate and minor principal axes are specified as shown at 

the bottom of Fig. 5.6 by the solid, intermediate-dashed and short-dashed 

curves, respectively. 

After the components'of motion along a set of principal axes 

have been generated, assuming the principal axes of the structural system 

to be directed to the North-South, East-West and vertical, the components 

along a set of structural axes are obtained for use in dynamic analyses 

by multiplying the principal motions by the transformation matrix as 

follows: 

aNS(t) a
l 

(t) 

aEW(t) = T(t) a
2

(t) (5.30) 

aUD(t) a
3

(t) 

where 

sin¢l cose
l sin¢2 cose

2 sin¢3 cose
3 

T sin¢l sine
l sin¢2 sin8

2 sin¢3 sin8
3 

(5.31) 

cos¢l cos¢2 cos¢3 
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in which ¢. and 8. (i = 1,2,3) represent vertical and horizontal 
1 1 

directional angles of the corresponding principal axes. The trans-

formation matrix T(t) is mathematically a transpose matrix of the 

principal transformation matrix P(t). Though the matrix T contains 

six variables, ¢l' 8
1

, ¢2' 8
2

, ¢3 and 8
3

, they are interdependent 

through the orthogonal conditions. 

(5.32) 

If ¢3 equals zero, the minor principal axis is directed vertical in 

which case cos¢l and cos¢2 equal zero; therefore, the quantity 

cos(8
1 

- 8
2

) also equals zero, i.e. the major and intermediate principal 

axes are directed horizontal and the angle between them is set at 90°. 

In the upper diagrams of Fig. 5.6, the time dependent directions of 

principal axes are prescribed along with the direction to the possible 

epicenter which is indicated by a long-dashed straight line. As 

observed in these diagrams, the major principal axis which is shown by 

a solid line is prescribed to be directed to the epicenter, N30oE, 

during the high intensity motion and the major and intermediate 

principal axes are assumed to change their positions with each other 

after the period of high intensity motion. It should be pointed out the 

horizontal direction angle 8. when the corresponding angle ¢. equals 
1 1 

zero does not play a significant role in the transformation matrix. 

2. Presentation of Examples 

Using a digital computer, four sample accelerograms are pro-

duced along a set of principal axes having properties of spectral density 
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and deterministic intensity as shown in Fig. 5.6. A set of structural 

principal axes is assumed to be directed to the North-South, East-West 

and vertical directions. Assuming the horizontal and vertical direction 

angles of principal axes to be time dependent as represented in Fig. 5.6, 

the simulated components along the principal axes are transformed to 

three components of motion along the assumed axes of the structural 

system. The resulting components of motion are shown in Figs. 5.7a 

through 5.7d, respectively. 

Assuming that these accelerograms were recorded by an 

accelerograph installed in the structural system and applying the 

identical computer routines which have been used to analyze the ground 

motions of the San Fernando earthquake, principal variances, directions 

of principal axes and frequency content of motion along the principal 

axes are evaluated. The resulting properties of principal variances and 

directions of principal axes are presented in Figs. 5.8a through 5.8d 

and the corresponding time dependency of frequency content are represented 

in Figs. 5.9a through 5.9d, respectively. These diagrams are plotted 

in identically the same manner as those previously shown for the 

accelerograms recorded during the San Fernando earthquake. 

3. Observation of Results 

In this investigation, only four samples of the simulated 

ground motion process are presented. Their characteristics in terms of 

principal variances and directions of principal axes, and frequency 

content coincide well with the prescribed properties. Several features 

can be noted for these samples as follows: 

(1) The direction of the major principal axis oscillates and some

times can deviate up to 30° from the prescribed direction which is 

towards the expected epicenter. 
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(2) At the end of sample records when the intensities of motion 

are small, the directions of principal axes approach N600W and 

N300E which coincides well with the prescribed directions. 

(3) The sUdden interchange of directions of the major and inter

mediate principal axes can be explained by the cross-over in 

their intensities as measured by principal variances. 

(4) The direction of the minor principal axis which is prescribed 

to be vertical happens to be nearly horizontal during the later 

period of motion when the minor and intermediate principal 

variances approach each other in value; thus, allowing the 

interchange of position to take place. This same behavior can 

be observed for recorded motions, especially, for those obtained 

within high-rise buildings near the epicenter. 

(5) Since the actual direction of the minor principal axis shifts 

slightly from its prescribed vertical position, its horizontal 

direction can easily take any position; thus, the horizontal 

direction of the minor principal axis is observed to oscillate 

significantly. Generally, however, the horizontal direction 

of the minor principal axis unexplainably coincides with that 

of the intermediate principal axis over large periods of 

duration; see sample No.3. 

(6) Even though the filtering procedure using convolution weights 

was applied twenty times, the evaluated spectral density 

shapes oscillate irregularly. The general characteristics of 

frequency content as prescribed, however, are suitably 

reproduced. 
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As indicated by the above observations, the properties of the 

simulated motions reveal complexities similar to the characteristics of 

the real motions recorded during the San Fernando earthquake. Therefore, 

the simple ground motion model prescribed appears to be adequate. 
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DETERMINISTIC INTENSITY FUNCTION 
IYENGAR S INTENSITY fUNCTION 

0 

TIME 
TAJIMI 

0 
I i 

I I 
0 

5 • 0 10. 0 

TIME 

DEPENDENT 

15.0 20.0 

( SEC . ) 

SPECTRAL 
S SPECTRAL DENSITY fUNCTION 

5. 0 10. 0 15. 0 20. 0 
i i i i i i i i i i i i i i i i 

SPECTRAL DENSITY 

I I I I I I I I I I I I i I I 
s. 0 1 O. 0 15. 0 20. 0 

TIME ( SEC. ) 

25. 0 :3 O. 0 

DENSITY 

25. 0 30. 0 
i i i i i i 

I I I I I 
25. 0 30. 0 

Fig. 5.1 Prescribed intensity and spectral density function. 
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NON-STATIONARY * SAMPLE 1 * 
TAJIMI S SPECTRAL DENSITY AND IYENGAR S INTENSITY 

fILTERED 

-1.2 

,.., 
N 

:c 
~ 

a 
w 
~ 

IJ.... 

8.0 

6.0 

1.0 

'2.0 

0 

0 5. 0 1 O. 0 

TIME 
15.0 20.0 

( SEC . ) 

NON-STATIONARY * SAMPLE 
TAJIMI S SPECTRAL DENSITY AND IYENGAR 

0 5. 0 1 O. 0 15. 0 20.0 
I I I I I I I I I I I I I I I I I I I 

SPECTRAL DENSITY 

I I I I I I I I I I I I I I I I I 

0 5. 0 1 O. 0 15. 0 '20. 0 

TIME ( SEC. ) 

'25.0 :3 O. 0 

1 * 
S INTENSITY 

25.0 30. 0 
I I I I I 

I I I I I 
'25.0 30. 0 

Fig. 5.2 Time history and time dependent spectral density 
for sample 1. 
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NON-STATIONARY * SAMPLE 2 * 
T~JIMI S SPECTR~L DENSITY ~ND IYENG~R S INTENSITY 
FILTERED 

- 1 • 2 

,....., 
N 

:c 
'-' 

a 
w 
a:: 
lL. 

8. 0 

6. 0 

LO 

2.0 

0 

0 5. 0 10. 0 

TIME 
15.0 20.0 

( SEC • J 

NON-STATI ONARY * SAMPLE 
T~JIMI S SPECTRAL DENSITY ~ND IYENGAR 

0 5 • 0 10. 0 15. 0 20. 0 
I I i I I i I I I i I i i I i i i i I 

SPECTRAL DENSITY 

I I I I I I I I I I I I I I I I I I I 

0 5.0 10. 0 15. 0 20. 0 

TIME ( SEC . ) 

25.0 30.0 

2 * 
S INTENSITY 

25. 0 30. 0 
i i I i I 

I I I I i I I 

25. 0 30.0 

Fig. 5.3 Time history and time dependent spectral density 
for sample 2. 
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NON-STATIONARY * SAMPLE 3 * 
TAJIMI S SPECTRAL DENSITY AND IYENCAR S INTENSITY 
fILTERED 

- 1 • 2 

,-, 

N 

:c 
\..J 

a 
w 
0:: 

lL.. 

0 5.0 

NON-STATI 

10.0 

TIME 

ONARY 

15.0 20.0 25.0 '30.0 

( SEC . ) 

* SAMPLE 3 * 
TAJIMI S SPECTRAL DENSITY AND IYENGAR S INTENSITY 

0 5 • 0 10. 0 15. 0 '20. 0 '25. 0 
i i i , i i i , i i i i i I i i i i i , i i 

SPECTRAL DENSITY 
8. 0 

6. 0 

1.0 

2. 0 

0 

I I I I I L , I I I I I I I I I I I I I 
0 5.0 10. 0 15. 0 20. 0 25.0 

TIME ( SEC . ) 

Fig. 5.4 Time history and time dependent spectral density 
for sample 3. 
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NON-STATIONARY * SAMPLE 4 * 
TAJIMI S SPECTRAL DENSITY AND IYENGAR S INTENSITY 

fILTERED 

- 1 • 2 

,...... 
N 

:r: 
~ 

a 
w 
Cl:: 

li.-

B. 0 

6 • 0 

LO 

2 • 0 

D 

0 5. 0 10. 0 

TIME 
15.0 20.0 

( SEC . ) 

NON-STATIONARY *" SAMPLE 
TAJIMI s SPECTRAL DENSITY AND IYENGAR 

0 5 • 0 10. 0 1 S • 0 20. 0 
I I I I I I I I I I I i i I I I I I 

SPECTRAL DENSITY 

i I I I I I I I I I I I I I I 
0 5.0 1 O. 0 1 S • 0 20. 0 

TIME ( SEC . ) 

25. 0 :3 O. 0 

4 *" 
S INTENSITY 

2 S • 0 :3 0 . 0 
I I I I I 

I I I I I 

2 S. 0 :3 o. 0 

Fig. 5.5 Time history and time dependent spectral density 
for sample 4. 
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TIME DEPENDENT CHARACTERISTICS 
DIRECTION ANO INTENSITY Of PRINCIPAL COMPONENTS 

5. 0 10.0 15.0 20.0 25. 0 30. 0 

TIME (SEC.) 

TIME DEPENDENT CHARACTERISTICS 
SPECTR~L DENSITY fUNCTIONS ALONG PRINCIPAL AXES 

B.O 

N 6.0 
:c 

a 
w 

1.0 

Ct:: 2.0 

8. 0 

N 6.0 
:c 

a 
w 

1. 0 

Ct:: 2.0 

5. 0 
I I I 

10. 0 
I I , 

15. 0 

MAJOR 

20. a 
I , i 

INTERMEDIATE 

MIN a R 

TIME (SEC.) 

25.0 
, I , 

30. a 
t I 

Prescribed properties of three-dimensional stochastic 
model. 
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NON-STATIONARY * SAMPLE 3-~ * 
DIRECTION AND INTENSITY OF PRINCIPAL COMPONENTS 
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Fig. 5.8 Time dependent directions of principal axes and 
square root of principal variances for simulated motions. 
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VI. CONCLUDING STATEMENT 

This report presents the results of an analysis of the three

dimensional ground motions recorded during the San Fernando earthquake 

of February 9, 1971. The methods adopted make use of the concept of 

principal axes of ground motion and the moving-window technique in both 

the time and frequency domains. 

The objective of the analysis is to establish a stochastic 

model for three-dimensional ground motions which reflects the significant 

statistical properties of the motions recorded during the San Fernando 

earthquake. Because of the existance of principal axes, the three 

components of motion are statistically independent, provided they are 

directed along a set of principal axes. The resulting model is 

represented by the product of a deterministic intensity function and a 

constant intensity process having a variable frequency content with 

time. 

It is believed that the general form of the model developed 

herein represents an improvement over that most commonly used, i.e. 

the product of a deterministic intensity function and a stationary 

process. One must be careful, however, in assuming that the quantitative 

form of this model would apply to the motions produced by other earth

quakes even when their magnitudes and epicentral distances are similar 

to those of the San Fernando earthquake. Only by conducting studies 

similar to those reported herein for future earthquake motions can the 

quantitative differences and their causes be determined. 
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APPENDIX A 

Results of (i) time dependent directions of principal 
axes and square root of principal variances, 
(ii) frequency dependent directions of principal axes 
and square root of principal variances, (iii) time 
dependent principal variances and principal cross 
correlation coefficients, and (iv) time dependent 
frequency distribution for motions in area F. 
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APPENDIX B 

Results of time dependent directions of principal 
axes and square root of principal variances at 
stations not included in area groups A through F. 
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APPENDIX C 

Results of frequency dependent directions of principal 
axes and square root of principal variances for motions 
in area groups C, D and E. 
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APPENDIX D 

Results of time dependent principal variances and 
principal cross correlation coefficients for motions 
in area groups C, D and E. 
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APPENDIX E 

Results of time dependent frequency distribution 
for motions in area groups C, D and E. 
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Fig. E.l Time dependent frequency distribution in area C. 
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Fig. E.2 Time dependent frequency distribution in area D. 
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Fig. E.3 Time dependent frequency distribution in area E. 
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APPENDIX F 

computer program listings. 
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"SAP IV: A Structural Analysis Program for Static and 
Dynamic Response of Linear Systems," by K.-J. Bathe, 
E. L. Wilson and F. E. Peterson - 1973 (PB 221 967) 

"Analytical Investigations of the Seismic Response of 
Long, Multiple Span Highway Bridges," by W. S. Tseng 
and J. Penzien - 1973 (PB 227 816) 
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"Earthquake Analysis of Multi-Story Buildings 
Including Foundation Interaction," by A. K. Chopra 
and J. A. Gutierrez - 1973 (PB 222 970) 

"ADAP: A Computer Program for Static and Dynamic 
Analysis of Arch Dams," by R. W. Clough, J. M. 
Raphael and S. Majtahedi - 1973 (PB 223 763) 

"Cyclic Plastic Analysis of Structural Steel Joints," 
by R. B. Pinkney and R. W. Clough - 1973 (PB 226 843) 

"QUAD-4: A Computer Program for Evaluating the 
Seismic Response of Soil Structures by Variable 
Damping Finite Element Procedures," by I. M. Idriss, 
J. Lysmer, R. Hwang and H. B. Seed - 1973 (PB 229 424) 

"Dynamic Behavior of a Multi-Story Pyramid Shaped 
Building," by R. M. Stephen and J. G. Bouwkamp - 1973 

"Effect of Different Types of Reinforcing on Seismic 
Behavior of Short Concrete Columns ," by V. V. 
Bertero, J. Hollings, O. Kustu, R. M. Stephen and 
J. G. Bouwkamp - 1973 

"Olive View Medical Center Material Studies, 
Phase I," by B. Bresler and V. V. Bertero - 1973 
(PB 235 986) 

"Linear and Nonlinear Seismic Analysis Computer 
Programs for Long Multiple-Span Highway Bridges," 
by W. S. Tseng and J. Penzien - 1973 

"Constitutive Models for Cyclic Plastic Deformation 
of Engineering Materials," by J. M. Kelly and 
P. P. Gillis - 1973 (PB 226 024) 

"DRAIN - 2D User's Guide," by G. H. Powell - 1973 
(PB 227 016) 

"Earthquake Engineering at Berkeley - 1973" - 1973 
(PB 226 033) 
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"Earthquake Response of Axisymmetric Tower Structures 
Surrounded by Water," by C. Y. Liaw and A. K. Chopra -
1973 (AD 773 052) 

"Investigation of the Failures of the Olive View 
Stairtowers during the San Fernando Earthquake and 
Their Implications in Seismic Design," by V. V. 
Bertero and R. G. collins - 1973 (PB 235 106) 
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"Further Studies on Seismic Behavior of Steel Beam
Column Subassemblages," by V. V. Bertero, 
H. Krawinkler and E. P. Popov - 1973 (PB 234 172) 

"seismic Risk Analysis," by C. S. Oliveira - 1974 
(PB 235 920) 

"Settlement and Liquefaction of Sands under 
Multi-Directional Shaking," by R. Pyke, C. K. Chan 
and H. B. Seed - 1974 

"Optimum Design of Earthquake Resistant Shear 
Buildings," by D. Ray, K. S. Pister and A. K. Chopra -
1974 (PB 231 172) 

"LUSH - A Computer Program for Complex Response 
Analysis of Soil-Structure Systems," by J. Lysmer, 
T. Udaka, H. B. Seed and R. Hwang - 1974 (PB 236 796) 

"Sensitivity Analysis for Hysteretic Dynamic Systems: 
Applications to Earthquake Engineering," by D. Ray -
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"Soil-Structure Interaction Analyses for Evaluating 
seismic Response," by H. B. Seed, J. Lysmer and 
R. Hwang - 1974 (PB 236 519) 
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"Shaking Table Tests of a Steel Frame - A Progress 
Report," by R. W. Clough and D. Tang - 1974 

"Hysteretic Behavior of Reinforced Concrete Flexural 
Members with Special Web Reinforcement," by V. V. 
Bertero, E. P. Popov and T. Y. Wang - 1974 
(PB 236 797) 

"Applications of ReliabilitY-Based, Global Cost 
Optimization to Design of Earthquake Resistant 
Structures," by E. Vitiello and K. S. Pister - 1974 
(FB 237 231) 

"Liquefaction of Gravelly Soils under Cyclic Loading 
Conditions," by R. T. Wong, H. B. Seed and C. K. Chan -
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"Site-Dependent Spectra for Earthquake-Resistant 
Design," by H. B. Seed, C. Ugas and J. Lysmer - 1974 
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"Earthquake Simulator Study of a Reinforced Concrete 
Frame," by P. Hidalgo and R. W. Clough - 1974 
(PB 241 944) 

"Nonlinear Earthquake Response of Concrete Gravity Dams," 
by N. Pal - 1974 (AD/A006583) 

"Modeling and Identification in Nonlinear Structural 
Dynamics, I - One Degree of Freedom Models," by 
N. Distefano and A. Rath - 1974 (PB 241 548) 

"Determination of Seismic Design Criteria for the 
Dumbarton Bridge Replacement Structure, Vol. I: 
Description, Theory and Analytical Modeling of Bridge 
and Parameters," by F. Baron and S.-H. Pang - 1975 

"Determination of Seismic Design Criteria for the 
Dumbarton Bridge Replacement Structure, Vol. 2: 
Numerical Studies and Establishment of Seismic 
Design Criteria," by F. Baron and S.-H. Pang - 1975 

"Seismic Risk Analysis for a Site and a Metropolitan 
Area," by C. S. Oliveira - 1975 

"Analytical Investigations of Seismic Response of 
Short, Single or Hultiple-Span Highway Bridges," by 
Ma-chi Chen and J. Penzien - 1975 (PB 241 454) 

"An Evaluation of Some Methods for Predicting Seismic 
Behavior of Reinforced Concrete Buildings," by Stephen 
A. Mahin and V. V. Bertero - 1975 

"Earthquake Simulator Study of a Steel Frame Structure, 
Vol. I: Experimental Results," by R. W. Clough and 
David T. Tang - 1975 (PB 243 981) 

"Dynamic Properties of San Bernardino Intake Tower," by 
Dixon Rea, C.-Y. Liaw, and Anil K. Chopra - 1975 
(AD/A008406) 

"Seismic Studies of the Articulation for the Dumbarton 
Bridge Replacement Structure, Vol. I: Description, 
Theory and Analytical Modeling of Bridge Components," 
by F. Baron and R. E. Hamati - 1975 

"Seismic Studies of the Articulation for the Dumbarton 
Bridge Replacement Structure, Vol. 2: Numerical Studies 
of Steel and Concrete Girder Alternates," by F. Baron and 
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"Static and Dynamic Analysis of Nonlinear Structures," 
by Digambar P. Mondkar and Graham H. Powell - 1975 
(PB 242 434) 

"Hysteretic Behavior of Steel Columns," by E. P. Popov, 
V. V. Bertero and S. Chandramouli - 1975 

"Earthquake Engineering Research Center Library Printed 
Catalog" - 1975 (PB 243 711) 

"Three Dimensional Analysis of Building Systems," 
Extended Version, by E. L. Wilson, J. P. Hollings and 
H. H. Dovey - 1975 (PB 243 989) 

"Determination of Soil Liquefaction Characteristics by 
Large-Scale Laboratory Tests," by Pedro De Alba, Clarence 
K. Chan and H. Bolton Seed - 1975 

"A Literature Survey - Compressive, Tensile, Bond and 
Shear Strength of Masonry," by Ronald L. Maye sand 
Ray W. Clough - 1975 

"Hysteretic Behavior of Ductile Moment Resisting Reinforced 
Concrete Frame Components," by V. V. Bertero and 
E. P. Popov - 1975 

"Relationships Between Maximum Acceleration, Maximum 
Velocity, Distance from Source, Local Site Conditions 
for Hoderately Strong Earthquakes," by H. Bolton Seed, 
Ramesh Murarka, John Lysmer and I. M. Idriss - 1975 

"The Effects of Method of Sample Preparation on the Cyclic 
Stress-Strain Behavior of Sands," by J. Paul Mulilis, 
Clarence K. Chan and H. Bolton Seed - 1975 

"The Seismic Behavior of Critical Regions of Reinforced 
Concrete Components as Influenced by Moment, Shear and 
Axial Force," by B. Atalay and J. Penzien - 1975 

"Dynamic Properties of an Eleven Story Masonry Building," 
by R. M. Stephen, J. P. Hollings, J. G. BoUwkamp and 
D. Jurukovski - 1975 

"State-of-the-Art in Seismic Shear Strength of Masonry -
An Evaluation and Review," by Ronald L. .Hayes and 
Ray W. Clough - 1975 

"Frequency Dependencies Stiffness Matrices for Viscoelastic 
Half-Plane Foundations," by Anil K. Chopra, P. Chakrabarti 
and Gautam Dasgupt.a - 1975 

"Hysteretic Behavior of Reinforced Concrete Framed Walls," 
by T. Y. Wong, V. V. Bertero and E. P. Popov - 1975 
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"Testing Facility for Subassemblages of Frame-Wall 
Structural Systems," by V. V. Bertero, E. P. Popov and 
T. Endo - 1975 

"Influence of Seismic History on the Liquefaction 
Characteristics of Sands," by H. Bolton Seed, Kenji Mori 
and Clarence K. Chan - 1975 

"The Generation and Dissipation of Pore Water Pressures 
During Soil Liquefaction," by H. Bolton Seed, Phillippe 
P. Martin and John Lysmer - 1975 

"Identification of Research Needs for Improving a Seismic· 
Design of Building Structures," by V. V. Bertero - 1975 

"Evaluation of Soil Liquefaction Potential during Earth
quakes," by H. Bolton Seed, I. Arango and Clarence K. Chan 
1975 

"Representation of Irregular Stress Time Histories by 
Equivalent Uniform Stress Series in Liquefaction Analyses," 
by H. Bolton Seed, I. M. Idriss, F. Makdisi and N. Banerjee 
1975 

"FLUSH - A Computer Program for Approximate 3-D Analysis 
of Soil-Structure Interaction Problems," by J. Lysmer, 
T. Udaka, C.-F. Tsai and H. B. Seed - 1975 

"ALUSH - A Computer Program for Seismic Response Analysis 
of Axisymmetric Soil-Structure Systems," by E. Berger, 
J. Lysmer and H. B. Seed - 1975 

"TRIP and TRAVEL - Computer Programs for Soil-Structure 
Interaction Analysis with Horizontally Travelling Waves," 
by T. Udaka, J. Lysmer and H. B. Seed - 1975 

"Predicting the Performance of Structures in Regions of 
High Seismicity," by Joseph Penzien - 1975 

"Efficient Finite Element Analysis of Seismic Structure -
Soil - Direction," by J. Lysmer, H. Bolton Seed, T. Udaka, 
R. N. Hwang and C.-F. Tsai - 1975 

"The Dynamic Behavior of a First Story Girder of a Three
Story Steel Frame Subjected to Earthquake Loading," by 
Ray W. Clough and Lap-Yan Li - 1975 

Earthquake Simulator Study of a Steel Frame Structure, 
Volume II - Analytical Results," by David To. Tang - 1975 

"ANSR-I General Purpose Computer Program for Analysis of 
Non-Linear Structural Response," by Digambar P. Mondkar 
and Graham H. Powell - 1975 
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"Nonlinear Response Spectra for Probabilistic Seismic 
Design and Damage Assessment of Reinforced Concrete 
Structures," by Masaya Murakami and Joseph Penzien - 1975 

"Study of a Method of Feasible Directions for Optimal 
Elastic Design of Framed Structures Subjected to Earthquake 
Loading," by N. D. Walker and K. S. Pister - 1975 

"An Alternative Representation of the Elastic-Viscoelastic 
Analogy," by Gautam Dasgupta and Jerome L. Sackman - 1975 

"Effect of Multi-Directional Shaking on Liquefaction of 
Sands," by H. Bolton Seed, Robert Pyke and Geoffrey R. 
Martin - 1975 

"Strength and Ductility Evaluation of Existing Low-Rise 
Reinforced Concrete Buildings - Screening Method," by 
Tsuneo Okada and Boris Bresler - 1976 

"Experimental and Analytical Studies on the Hysteretic 
Behavior of Reinforced Concrete Rectangular and T-Beams," 
by Shao-Yeh Marshall Ma, Egor P. Popov and Vitelmo V. 
Bertero - 1976 

"Dynamic Behavior of a Multistory Triangular-Shaped 
Building," by J. Petrovski, R. M. Stephen, E. Gartenbaum 
and J. G. Bouwkamp - 1976 

"Earthquake Induced Deformations of Earth Dams," by 
Norman Serff and H. Bolton Seed - 1976 

"Analysis and Design of Tube-Type Tall Building Structures," 
by H. de Clercq and G. H. Powell - 1976 

"Time and Frequency Domain Analysis of Three-Dimensional 
Ground Motions, San Fernando Earthquake," by Tetsuo Kubo 
and Joseph Penzien - 1976 


