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I. INTRODUCTION

A. SCOPE OF INVESTIGATION

Up td 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 com@uters; 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 O has six components, three trans-
lational and three rotational [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 sufficient to
consider only the three translational components. Presently, the
available earthquake accelérograms are not sufficient to permit an
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.



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 irregqualr 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 réalistic 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 directly 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 nonstationary 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



a (t) = ¢ (t) b_(t)
X X X
a (t) = ¢ (t) Db_(t) (1.1)
Y Y Y
az(t) = Cz(t) bz(t)

where bx(t), by(t) and bz(t) are stationary random processes and
gx(t), gy(t) and Cz(t) are deterministic intensity functions giving
an appropriate nonstationarity to their respective ground motion processes.

The use of Egs. (1.1) requires that the appropriate intensity
functions, gx(t), Cy(t) and ;z(t) be obtained by statistical analyses
of real accelerograms and that the realistic power spectral density
functions, or corresponding auto-correlation functions, be established
by similar means for processes bx(t), by(t) and bz(t). 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 bx(t), by(t) and bz(t).“

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 earthqguake 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

Egs. (1.1) are treated as principal axes.



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. 1In 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° 24' 00" N and 118° 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



12 seconds and a maximum intensity of XI has been assigned to the site of
the Olive View Hospital located north of thé Sylmar aréa [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 akes 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]. 1In 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. 1In 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].



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 l.1summarizes 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
Suppose three components of ground motion, ax(t), ay(t) and
az(t) at a point O along an arbitrary set of orthogonal axes x, v and

z are defined through the following stochastic model

ax(t) = g(t) b%(t)

a_(t) = ¢(t) b’ (t) : (2.1)
y Y

az(t) = g(t) bé(t)

where bé(t), b;(t) and b;(t) are stationary random processes and
z(t) 1is a deterministic intensity function. This model represents an
approximation to that defined by Egs. (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 ax(t), ay(t) and az(t) of Egs. (2.1) are considered to

be zero-mean process, covariance functions defined by

E [ai(t) aj(t+T)] = z(t) g(t+1) E [bi(t) bj(t+T)] (2.2)

i,J = x,¥,2

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) and bé(t) are stationary,
all ensemble averages on the right hand side of Egs. (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 !Tl. Therefore, the
influence of coordinate directions on covariance functions can be

investigated using the approximate relations

E [a, (£) a, ()] = z2(t) B [b!(t) b’ (£)] (2.3)
i j i j

i,3 = x,v,2

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

form
2
u(e) = () B (2.4)
where
uij(t) = E [ai(t) aj(t)] (2.5)
B.. = E [b'(t) b (t)] (2.6)
ij i J

ilj = ¥X,Y.,2

Note that because random processes b;(t), b;(t) and b;(t) are
stationary, all nine coefficients in matrix g are time invariant.

If the components of ground motion at point 0 are transformed
from coordinate system x,y and 2z to a new orthogonal coordinate

system x)y' and =z' through the relation

a'(t) a (&)
% X

il
1

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

a'(t) a (t)
Z Z
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where the transformation matrix A satisfies the condition

éT A = I (identity matrix) (2.8)
relations identical to Egs. (2.4) - (2.6) can be written for the new
coordinate system with

8" = 2 gaA (2.9)
o= A ua
- 2y 2" ga (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

al(t) ax(t)
a,(t) = P a_ (t) (2.11)
2 - y
a3(t) a, (t)
where
gT P = I (2.12)
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The corresponding covariance matrix for ground motion becomes

' u(t) P

I

1_1p(t)

?(e) o' B

~ ~

Bll 0 0

It

cz (t) 0 R 0

L 33
-
g

Mig 0 0

- ° Yoo 0

(2.13)

L 33

J
P , 2 2 2

The principal values are given by [ (t) Bll' g7 (k) 822 and () 833

and the directions of principal axes are given by the corresponding

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

covariance matrix £ in Egs. (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 Egs. (2.13) can
be obtained by time averaging over any single member of the process, say
the rth member. In this case, Bij defined by Egs. (2.6) can be
obtained through the relation

B.. = <Db! (t) bl (t) > (2.14)
ij ir jr
i,j = x,v,2

1,2,3,....

r
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where the triangular brackets denote time average.
To further illustrate the physicai meaning of principal axes,
consider two stationary random processes xl(t) and x2(t). The auto-

and cross-correlation functions of these processes are given by

R..(t) = E [x,(t) x.(t+1)] (2.15)
1] i J

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

and expressed in the frequency domain by the equivalent relation

o«
1 -iwT
Sij(w) = on f Rij(T) e dt (2.16)
—00
and
(o]
i
R, . (1) = J S.. () e ™t g
i3 ij
i, =1,2 (2.17)

These relations which express Rij(T) and Sij(w) as Fourier transform
pairs are usually called the Wiener-Khintchine relations.

Suppose random processes xl(t) and x2(t) are considered to be
ergodic processes in which case ensemble averages are equivalent to the

corresponding time averages i.e.

E [x] = <x > (2.18)
r

. t .
where subscript r denote «r h member of ensemble x. Relations between
ensemble averages and temporal averages which are respectively designated

by Rij(T) and @ij(T) (1,3 = 1,2) and those between their corresponding
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gquantities decomposed into the frequency domain Sij(w) and Gij(w)

(i,7 = 1,2) are obtained by Egs. (2.15) - (2.18),
R,.(1) = E [x,(t) x,(t+1)]
13 1 J
= < x, (t) x, (t+1) >
ir Jjr
= <I>ij(1:) (2.19)
fee]
S..(w) = L R, . (T) e—in drt
ij Too2n ij
-0
1 -iwT
= o J @ij(r) e d
= G,.{(w)
1]
i,j = 1,2 (2.20)

Principal axes were defined previously along which the components of
motion have maximum and minimum values of variances and have zero values
of covariances for T = 0. Intensities of the process along principal
axes can be evaluated by subsituting 7T = 0 into Egs. (2.15) - (2.20).

It follows that

I
2
. 1
..(0) = lim = J x, (t) x.(t) dt
i) Tos<o T T 1 J
T2

= (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 Rl2(T) and R21(T) are
not generally even functions; therefore, unlike the power spectral
density functions G,.{(w) and G, (w) which are always real and

11 22

positive, the cross-power spectral density functions Glz(w) and

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

cross-power [ Glz(w) dw and J GZl(m) dw are zero, even though
=00 ‘o

the functions Gl2(w) and GZl(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, v 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]

ai(t) dt (2.22)

1 [e]
Cl (tol AT) = A—'f Jt _

o

i==x,v,2

with At = 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 6 (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 Cx(t), Cy(t) and §z(t) are
identically the same in magnitude, angles 6 and ¢ are 45° (tan-l 1) and

54.7° (cos—l -i-), respectively. Further, if the intensity functions

V3
vary with time in identically the same manner even though they may have
different magnitudes, i.e. satisfy Egs. (2.1), the values of 68 and ¢
are invariant with time. In this case, the curves representing angles
® 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) = ¢ (t) b_(t)

X X X

a (£) = ¢ (t) b_(t)

Y Y Y

a (t) = ¢ (t) b (t) (2.23)
z Z Z

where bx(t), by(t) and bz(t) are stationary random processes and
;x(t), ;y(t) and ;z(t) are dissimilar deterministic functions along
the x, y and z axes, respectively. Assuming ax(t), ay(t) and
az(t) to be zero mean processes and applying the procedures previously

described, covariance functions are defined by
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E [a, (t) a,(t+1)] = g, (t) 7, (t+1) E [b, (t) b, (t+1)] (2.24)
i j i j ‘ i j

i, j = x,¥,2

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

can be written in the matrix form

u(t) = g(t) B g(t) (2.25)
where
p..(t) = E [a.(t) a,(t)] (2.26)
17 i J
B.. = E [b,(t) b.(t)] (2.27)
ij i j
Cij(t) = ci(t) (i=3)
0 (i # 3 (2.28)

i, j = x,¥,2

Applying an orthogonal transformation identically similar to the one
previously described, the covariance functions along the principal axes

become

fl
1~
o+
~
1/d
~
=]
1
—~
ey
—~
(a3
v

— “

u 0 0

0 (2.29)

0 0 H33
L 4

Note that because the intensity matrix [(t) is a diagonal matrix,

T
g

ey is equal to (z(t).
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In Egs. (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 Egs. (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
E[ai(t) aj(t)]

= (2.30)
Y Ela. (t) a.(t)] Ela.(t) a.(t)]
i 1 J J

Py
i#3

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

)
J)

tn
'—I

il

[e]

1+

N

4

(o)
N ] - N

o
+1
N |
I+

r
L

-
N [T
-V 2 -V o2
S, = 0 +1 0 (2.31)
- /1 1
Vo2 0 IV 2
— -
r 1 /1 T
_+—_
Iv 3 Vo2 0
- /1 /1
- -——+_._
53 Vo3 V3 0
_ o 0 +1

Substituting Egs. (2.31) separately into the relation
B, (t) = s u(t) " S (2.32)
m=1, 2, 3

gives principal covariances egual to (t) - u33(t)],

L
2 Moo
1 1 .
§~[pll(t) - u33(t)] and E—[ull(t) - u22(t)]. The corresponding

variances are (t), u..(t) and u33(t), and the corresponding mean

Yyq 22

. 1 L
variances are 3 [u22(t) + u33(t)], 5 [ull(t) + u33(t)] and

%~[ull(t) + u22(t)], respectively. Using these values, the principal
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cross correlation coefficients are given by

. ) [ull(t) - u22(t)]
12 [ull(t) + u22(t)]

. _ [u22(t) - u33(t)] .39
23 [u22(t) + u33(t)]

; ) [ull(t) - u33(t)]
13 [ull(t) + u33(t)]

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 becomé 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

upP
OA: INTENSITY RESULTANT
e
8 = TaN' L — t
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2.1 Direction angles of intensity function in

three-dimensional space.



42

-sexX®e USWNIISUT buoTe suoIaduniy AJTsuslurl jo Aouspuadsp swil g'Z BT

€°338) 3WIL

{733s) 3WIL
0°0¢ oot 0"e 0 0-o0¢ o1 0°s 0
a 0
= 0"0z ©» 00z @
. < (=]
4 d
e 0 ov > 0 0% >
/
/
e \
= 009 0709
0 Sy D.Onl oS¢ D.Onl
o [ YN . B E o ‘ IR NN S e E
T 008 = i - TSP or- - st e Ee e o'sy m T 009 = == = — = 0"y ™M
il ~-— T /l// _ — — PP S N e P et et =
0°5¢ S 0ros ~ 052 e s 008 >
NMOO dW0D MBOS dW0D 3288 dW0d NMOO dW03 306N dWO0D 300N dW03
*1v0 TYN3IOVSYd ‘LNIWISVAE ‘@Y1 NOISINdOdd L3P *1v) ‘VNIOVSYd "LNIWISYE ‘AEVEBIT NVIIITIW HIILIVI
MSz 0T g11°NIO Z1 VvE £92Z "ON NOILVLS u MOE L0 811°'NZ1 80 ¥vE ¥9Z TON NDILVLS o
(°23s3) 3IWIL (°23s) 3IWIL
0-0¢ 05z 002 0°s1 0ot 6" s 0 0-o¢ 0°s2 00z 051 00t 0°s 0
— 0 = T T rre e svea 0
B e It S S B B Sy
i S RS 002
— e 5 0'o0z » »
— - o s
e (2] 0°0% ©
x4 =
00k > >
009
009 0-os
0 sw e - 0oe oS = 0°0¢ _,
- —1~~ / TN ///l\ll\ll\lllt/:/\hx - i B N =
T 009 ~ = 0 sy m T0°'09 == ==c=l femT e 0 sk m
= 1.0 Ry L [ ~ — o
05t 0708~ 0S¢ 009 >
NMOQ dWOD 306N dWOD 300N dWOD NMOCG d102 MOGS dWO2 MODS dwW09
©I¥d CVYNIOVSYd “WNIVNIHLY HO3ILIVD *I¥3 ‘VN3QVYSVd ‘C8Y71 1vD19070WS13S HIILIVY
M{T (L0 811°NOZ 80 b€ SL¥ ‘'ON NOLLVLS n MST O1 811°'NSS 80 VvE€ 99Z "ON NOILVLS “

NOT REPRODUCIBLE



43

IITI. 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

- - t2
p,. = < [ai(t) - ai][aj(t) - aj] > (3.1)

Y

i,j = x,¥,%

in which the time averages are taken over the interval tl < t < t2
but where the mean values ai and gj are found by averaging ai(t),
aj(t) over the entire duration of motion. Locations of principal axes
and magnitudes of corresponding principal wvariances were obtained for
earthguake 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, variances and covariances are obtained as continuous functions

of time t0 using the so~called "moving-window" technique, i.e. using

the relation

AT
+_
_ _ to 2
p,.{t ,AT) = < [a,(t) - a,]lla.(t) - a,] > (3.2)
ij o i i 3 3
. - AT
i,j = x,vy,2 o 2

where the time averages are taken over the interval AT centered at

time tO [9]. Having obtained all nine covariance functions for the
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recorded components of motion in accordance with Egs. (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 t, and time window length ATO,i.e. P=P (to’ AT). This time
dependent principal transformation matrix then allows one to obtain the
time dependent directions of principal axes of components of motion

a (t), ay(t) and az(t) and their corresponding principal variances

g

NN

(£), oo(t ) and oot ).

One finds increased fluctuations in uij(to’ AT) and the
corresponding directions of principal axes as the value of time window
length AT in Egs. (3.2) is taken shorter and shorter. 1In fact, as
AT » 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,
AT 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 AT
will be essentially equal to the average taken across the ensemble.

The direction of each principal axis is giwven by angles ¢
and 6 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 6 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, 6
lies in the range -90° < 8 < + 90°. The angle GE in Fig. 3.1
represents the horizontal direction of an axis passing through the
accelerograph site location (point "O") and the reported epicenter.

Since this angle is measured in a similar manner to that of angle €,
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it also lies in the range -90° < GE < + 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 nonstationary processes [22].

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

Direction angles ¢ and 6 and the square root of the
principal variance (o) have been obtained as functions of time to for
the major, minor and intermediate principal axes of the ground motion
at station No. 264, the basement of the Millikan Library at thé
California Institute of Technology, Pasadena, California.

The 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 AT 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 GE 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 0 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 0 which take place over single spacings of
the prescribed discrete values of to, namely over one-half second
spacings.

In the present report, AT 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 6 and o are
evaluated for discrete values of tO spaced one~half second apart and
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 Egs. (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,

Althrough 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 géology 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 3.4q.

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 différent, one may be able to investigate the relative in-
fluence of intermediate to soft geclogical 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 through 3.7 and in Appendices A and B have numerous

unexplainable features, certain correlations should be noted as follows:

(1) Usuvally 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
buildings 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 tﬁe 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. This interchange which occurs after the period of
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(5)

(6)

(7)
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high intensity motion is due to a corresponding change in the

direction along which the seismic waves have maximum energy.

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 6 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 takgs a nearly
vertical position, slight changes in its direction cause large
fluctuations in the angle 6. Due to this high sensitivity,

the fluctuations in © have little significance in this case.

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.

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.

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 6 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 thé
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 3.1l 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, 3.1lla through 3.1lc
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 geismic 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 fo. Using the Pourier integral trans-

formation, variances and covariances are obtained through the relation

Af Af "]
fO* 2 fo+ 2
2mi -
u, (£ _,AF) = < J a, (2rif)e” T gf 4 [ A, (2rif)e” " EF ag ] .
17 O 1 i
Zf o Af e o Af
fo) 2 o 2
.F
O . .
J Aj(zwif)eszt ar + J Aj(zwif)eszt ar >g (3.3)
Af Af
—fo-— 2 fo 2
i, = x,v,2
where T
A, (2Wif) = f a, (t)e 2MHEE g¢
1 1
° (3.4)
T
A, (2mif) = J a, (t)e 2MEE 4
J J
0
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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 fo and
frequency bandwidth Af, i.e. P=P (fO,Af). This formulation allows
one to investigate directions of principal axes, variances, covariances,

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

Af

range of (fo - ??-) < £ < (fO + %;—). Hopefully, this approach can be
used to reveal certain characteristic features of the various types of

seismic waves associated with strong ground motions.

2. Resultsg at Station No. 264

Direction angles ¢ and 0 and the square root of the
principal variance (o) have been obtained as functions of frequence fo
for the major, minor and intermediate principal axes of the ground
motion at station No. 264, located in the basement of the Millikan
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 3.12¢. Again the solid, short-dashed and
intermediate~dashed curves represent the results for the major, minoxr
and intermediate principal axes, respectively. These figures show
properties of principal axes using different values for frequency band-
width (Af) and for spacings between discrete values of frequencies (fo).
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
FPigs. 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.1, C.2 and C.3), the horizontal

direction of either the major or the intermediate principal



(4)

(5)

56

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.

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.

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 fregquency 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

< [a,(t) -~a,lla.(t) - a.] >
1 1 ] ]

pij - o. O, (3.5)

T ]

i,j = x,v,2

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 Appenaicies 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
the major principal variance which are represented by the
intermediate-dashed and short-dashed curves, respectively.

. 1 1
(3) Mean variances equal to 5 [u22(t) + u33(t)], 5

1
[ull(t) + u33(t)] and 5 [ull(t) + u22(t)] along axes

. . . . 1
giving the corresponding maximum covariances = [

5 u22(t) - U33(t)],

1
and 5—[ull(t) - u33(t)] which are shown by the solid,

intermediate-dashed and short-dashed curves, respectively.

(4) Principal cross correlation coefficients o p and p

23" "13 12

obtained as ratios of the maximum covariance to the cor-

responding mean variance, e.dq. p23(t) (t) - u33(t)]/

[U22

[u22(t) + p,.(t)l, which are represented by the solid,

33

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 u33/u22, u33/ull and u22/ull
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 classifiéation
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 ) 1is 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 P1o equals zero, the motions



60

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 ABdeUTE
COMPONENTS MEAN DEVIATION MEAN MAXIMUM MINIMUM
H, H, 0.0029 0.2116 0.1632 0.6801 0.0014
By, V 0.0187 0.1774 0.1387 0.4957 0.0004
Hy, V 0.0055 0.1841 0.1321 0.7430 0.0005
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Fig. 3.4 Time dependent directions of principal axes and
square root of principal variances in area B.
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Fig. 3.4 (continued)



SIGMA

80
60
30

PHI

90

45

THETA
o

- 15

-80

40.0

30.0

20.4

90
60
30

PHI

90

45

THETA
o

-45

-90

75

STATION NO. 202 34 03 45N, 118 17 57W
3411 WILSHIRE BOULEVARD, S5TH BASEMENT, LOS ANGELES,
o} 5.0 10.0 15.0 20.0 25.0
d T R N,
: _JM
[ '/1 P
[ I\A\/—\ A /:\[‘\\’/
ERTAAVEE
J 1 L X s
rﬁu—ﬂV‘ﬁL __A__'/ﬁﬂ_4L4ﬁ____ _____
-~ HN ra o 3 ~ A T~
l'« i/ SmEnLY T lx,\7/~ T\\_._.a-
L » \ ’V Y
WEE S|
,/“x—\
,/ )
/ N2
/ =N S~
_______ N
_,_/r,/—' ————— T resT T
1t pES
15
"
0 5.0 10.0 15.0 20.0 25,0
TIME (SEC.)
STATION NO. 196 34 03 45N,118 17 43W
3345 WILSHIRE BOULEVARD, BASEMENT, LOS ANGELES,
0 5.0 10.0 15,0 20.0 25.0
5 ‘“\\ Pt e S\ s
[ ,,I N AN R /r— =
5 I .- .
L - — //1‘ '/l
L T T -, | P
T g Vi I '
[ y 7 ]\\/)//*\ '
r N ‘N ! f \V | /\\J\
A I (S IR A | YA e T
S0 i | A S A
t oy ! 1‘ L - = 1 12 L 1 AN
[ N AN bl \ ' N
-7 \\‘\
o] 5.0 10.0 i15.0 20.0 25.0
TILME (SEC.)
Fig. 3.4 (continued)

cCAalL.



76

STATION NO. 198 34 03 45N,118 17 43W
3407 6TH STREET, BASEMENT, LOS ANGELES, CAL.

0 S.0 10.0 15.0 20.0 25.0 30.0

PHI

THETA

SIGMA

e ——r—r — - ———————— e ————— ——
F = S&?"\"'\‘\J\ — —
o ~—— Ny =

=T J e

[z
_ Tl
S e - PERhE s T -
- Le=” i -~ (' i _——
[ 7 T ~ 1 -
.

o P

A :
————— A e e
o /,«_,‘\/\ /' F-. ' |
NEEEEEE < v . I/"\ .\:»X' |
L N ~ - !

0 5.0 10.0 15.0 20.0 25.0 30.0
TIME (SEC.)

Fig. 3.4 (continued)



77

a STATION NO. 125 34 40 30N,118 28 24W
LAKE HUGHES, ARRAY STATION 1, CAL.

0 5.0 1i0.90 15.0 20.0 25.0 30.0
0 S A
r /= \ L ke S
— 60 =
T [ . -
o 30 F et e -
0 F R T e P
90 .
? MR AT ER
45 L i / NP .
< L - R N | - “ -
- L TIERTN A / AN L
w 0 e LSRN _L’ ~A |t A AN WPt S
s T I N ]
= 45 I : i RERErM | i /—\;
L 1 (N2 LG
r i SR )
-390 :
60.0
< 40.0
=
(6]
»n 20.0
0 . s
0 5.0 10.0 15.0 20.0 25.0 30.0
TIME (SEC.)
b STATION NO. 126 34 38 30N,118 28 48W
LAKE HUGHES, ARRAY STATION 4, CAL.
0 5.0 10.0 15.0 20.0
90 ¢ S e S PR Vo
— 60 N —== \,h\( == SAANT \/[
o 30 f LA TN A
0 [T S,
90 RENUN PEP e NN
[ e R T NN
< *°0 ! Y ?
— L | y
[58) 0 T B
- Lo ] ‘____;j[_’_\m___-___‘_
- i T~ ]
-45 r
r I
-90 !
60.0
N
< 40.0 el
2z \
(%) b -\
\\\
— Y
» 20.0 >
0 PPN N N o
0 S.0 10.0 15.0 20.0

TIME (SEC.)

Fig. 3.5 Time dependent directions of principal axes and
square root of principal variances in area C.
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Fig. 3.6 Time dependent directions of principal axes and
square root of principal variances in area D.
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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.



SIGMA

S0
60
30

PHI

90

45

THETA
IS)

90
60
30

PHI

990

15

THETA
o

-45

-90

10.0

89

STATION NO. 264

34 08 12N,118

07 30W

CALTECH MILLIKAN LIBRARY, BASEMENT, PASADENA,
0 2.5 5.0 7.5 10.0
S e R T R
C N == ; 7
N A A\ ,-—-\\/\\(\/\
L PP - el ) \/ ~
L //._— S N //ﬁ\\\
[ " / - S \
N X N TR
L /\ PARRT AN / \ A
;7 ’/ Y/ / \Y
7 ST 7 7 AT ,‘
L o~ PN ,‘ B \/<‘\/ ,:\
A A AN A YA S AP L AU W S U
/// \\
//\\\ i N
/ P \\
/ /,— ‘n\ \
= ~ g
0 2.5 5.0 7.5 10.0
HZ (1./SEC.)
STATION NO. 475 34 08 20N,118 07 17W
CALTECH ATHENAEUM, PASADENA, CAL.
9] 2.5 5.0 7.5 10.0

[ o~ . / ‘\
i SN A PN
7 T

F PP / \
r r'— t /’ K
\ . o~

Fig.

3.13

(continued)

CAL.



90

a STATION NO. 217 34 03 42N,118 18 24W
3710 WILSHIRE BLVD. BASEMENT, LOS ANGELES, CAL.
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Fig. 3.14 Frequency dependent directions of principal axes
and square root of principal variances in area B.
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cross correlation coefficients in area A.
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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 tﬁe 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 componénts of
motion of duration AT centered on time to;

The concept of power and power spectrum will be reviewed
briefly [9]1. Let ai(t) and Ai(w) represent a real time function and
its corresponding Fourier frequency function, respectively. 1In this
discussion, ai(t) represents acceleration of motion and power will be
regarded as the square of the magnitude of process ai(t), even though
it does not have units of energy per unit of time. Thus, the square of

a.(t) at time t , 1i.e.
i fo}

2

la, (t )] (4.1)
1 O

is termed the instantaneous power at time tO° Correspondingly, the

integral of instantaneous power over the range - ® < £t < + o, i, e.

(o]

2
J ]ai(t)l at (4.2)
-0
is called total energy of process ai(t) when the infinite integral has
a finite value. In practical applications, this integral always has a
finite value since the record length of ai(t) 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 ai(t) is

obtained through the relation

T

2
lim %- J lai(t)|2 at (4.3)
Toroo 'z

2

Process ai(t) will have a zero value of average power, if it has a
finite value of total energy as given by Eg. (4.2).
Correlation functions are defined through the relation
o
R,. (1) = J ai(t) aj (t + t) dat (4.4)

1]

w00

for processes of finite total energy and through the relation

T

2
R,.(1) = 1lim L J a,(t) a, (¢t + 1) dt (4.5)
ij T i 3

I

2

for processes of finite average power. For processes of the first type,
the total energy of ai(t) and its corresponding spectrum can be

related as follows:

J la, (0 ]% at = J a, (t) a, (t) dt
i i i
1 iwt

= J ai(t) > J Ai(w) e dw dt

= = | awa a, (1) ™% at

o2 i w i €
l o)

= o J A, {(w) A, (~0) dw (4.6)
27 i i

-0

When function ai(t) is a real process,
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A (~w) = A (W) (4.7)
1 1

where * denotes the conjugate property. Substituting Eq. (4.7) into

Eq. (4.6), Eg. (4.6) becomes

J la, () |2 at = = f A, (@ A (0) du
i 2T i i
= = f |2, @ |? au (4.8)

=00

The left hand side of Eqg. (4.8) represents the total energy of process
ai(t) and the quantity |Ai(w)12 on the right hand side represents
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 Egq. (4.8) is slightly changed. Manipulating Eq. (4.5), one finally

obtains the relation

T
2
R,.(0) = lim %— J a, (t) a, (t) dt
11 1 i
T
2
L2 o 3
1 T 2 2 !
= lim —— [A.(w)l dw + IA.(w)I dw | (4.9)
27T i i i
T )
—0a 2T -

2
The quantity |Ai(w)| /T in Egq. (4.9) represents average power of the

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

B. NORMALIZED FOURIER AMPLITUDE SPECTRUM WITH MOVING-WINDOW TECHNIQUE
Suppose ax(t), ay(t) and az(t) 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 AT centered at time

to is defined by

A (w, t , AT) = |£. (0, t_, AT)] (4.10)
1 o] 1 O

¢ + 4L

© 2 -iwt
f . (w, £t , AT) = J a.(t) e dt (4.11)
1 (o] 1

. o AT

o 2

i=x,v,2

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, AT) = |f,(w, t_, AT)| (4.12)
i o i o}
i=1,2,3
¢ + AL
© 2 ~-iwt
Flw, £t _, AT) = J P{t ) a(t) e dat (4.13)
- O -~ fo) -
. A
o 2
where
fl(w, to' AT)
F(w, t , AT} = f (v, t , AT) (4.14)
o 2 o
£ (w, £, AT)
3 o
a_(t)
b4
a(t) = ¢ a () (4.15)
- Yy
a_(t)
z
and P(to) denotes the principal transformation matrix at time to. In

this investigation, a constant window length of five seconds was used.
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Therefore, AT 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

Alw, t ) =2 a(w-Aw, t ) +2Aw, t ) + XA+ Aw, t) (4.16)
[¢) 4 o) 2 o 4 fo}

The purpose of the moving-window Fourier amplitude analysis is to
exanine 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 to. In this report, the normalized moving-window Fourier

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

5% A, (0w, t )
i o

A, (w, t) = (4.17)
1 @]

Al (t )
1 o

i=1,2,3

where gi(w, to) (i = 1,2,3) represents a so—called normalized moving-
window Fourier amplitude spectrum and A;(to) is the maximum amplitude

generated at time to, i.e.

A'(t ) = Max [A. (w , t ), A. (w,, t ), A, (w., £t ),....]1 (4.18)
i o i o o) i 1 o i 2 o

i=1,2,3
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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 sélected 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.la, b, ¢ and 4 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 to°

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 tO and the variation of the spectral
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)

(2)

(3)

(4)

In several cases, though the results have been smoofhed, 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 geclogy
and consequent wave dispersion including possible soil-structure

interaction effect.

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.

In some cases, the dominant frequency changes its value
suddenly at a fixed time which may indicate the arrival of

different types of seismic waves.

Spectral density at time to, 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 intexr-~

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. 1In 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 stfuctural 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 earthqguake.

In the first part of this chapter, the methodology to generate
a one-dimensional nonstationary 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 thfee 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 af(t) Dbe represented through the relation

N
- /2
a(t) = - nzl cos (n_t + ¢ ) (5.1)

in which nn 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 n is
expressed by probability density function p(n) and that the variable

¢n is distributed uniformly over the range O < ¢ < 2n. The auto-

correlation function of process a(t) is given by

It
e

Ra(T) [a(t) a(t + 1)1

E [cos n T+ cos {n(2t + 1) + 2¢1}] (5.2)

B | bt

Since the phase angle ¢ 1is assumed to be distributed uniformly, the

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

1
= = E
Ra(T) 5 [cos n T]

J cos n T * pln dn (5.3)

-00

I
N |

The probability density function p(n) is symmetrical with respect to

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

0

Ra(T) = f cos n T * p(n) dn (5.4)

o

Let the power spectral density of process a(t) be designated by S(w).
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

(e

J R (1) e—le dt
a

1t

S (w)

foe) (o]

p{n) dn J cos n T e YT ar

-0

(o o]

l
= q [ p(m) {8(w-n) + S(win)} dn
o

fl

T p(w) (5.5)

in which & denotes a Dirac's ¢ 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 w. BAn average power of one sinusoidal wave is expressed

through
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T

2
%— j cos  (nt+d) dt =
o

=3 {

: T
[ t , sin 2 (nt+) ] 5.6)
2 4n o

Since phase angle ¢ 1is 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 wvariable circular frequency n.

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 sinuséidal waves of which spectral
density function will coincide with the prescribed time dependent

spectral density function. The procedures are as follows:

(1) 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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(iii)

(iv)
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Generate a random number to which is uniformly distributed
between o and T. Then one can obtain the spectral density

G=G (w,t ) at time t .
(o) o]

Applying Toki's method, within a small segment of AT being
centered at to' generate a sinusocidal wave of which
circular frequency is n whose probability distribution is
similar to that of spectral density function G (w,to), and
of which phase angle is distributed uniformly over the range
0 < ¢ < 2m. One cannot always find an appropriate sinusoidal
wave at this step. If not, one should return to step (ii)

and then continue on.

To satisfy the continuous boundary at the ends of the
segment, the sinusoidal wave is passed through a filter

which has the property

AT
< —_ _
t tO 5
H(t) = 0
AT
I .
t >t > (5.7)
lim H(t) = 0
t -+t + AT
2
In this report, a cosine bell function
t <0
H(t) = O
t > AT (5.8)
1 21t
= = - LS 0 < t < AT
H(t) 5 Q. cos ~r ) <t

is adopted for the filtering procedure.
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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 AT.

(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 ) alt )] = J G (w,t ) dw (5.9)
O (0] (o]

will be dependent upon time to, depending upon the shape of the time
dependent power spectral density function. If the variances of the
process vary with time to' one cannot produce random process a(t)
with an appropriate deterministic intensity by multiplying it with
intensity function r(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 [23], due to the parabolic curve correction, an
offset of the accelerogram is introduced at the ends of motion. There-
fore, a smalllinear 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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ONE-DIMENSIONAL FORM

1. Review of Past Simulated Motions

Spectral density function G(w) and deterministic intensity

function T (t)

characteristics

many types of spectral density and deterministic intensity functions

proposed previously.

are commonly recognized to be the most significant

for simulating a ground motion process. One can find

records and introducing empirical relations such as

G(w)

G(w)

G(w)

G(w)

G(w)

to serve as the
Similarly, many
functions which

functions

2
1+ 4h° 95
g V2
1 - 95~ + 40 =
AY] El Vv
g g
= %’ - § 2t %' - g 2 (5.11)
(w-8)" + a {(w+0)  + o

2, wie?)
= 2B a = & (5.12)

o wd s 2062202y W2 + (024022
2 2 22
- -
= A e PYW 4 oa G2 (5.13)
1 2
_ 2w
w
2 p
. 2w e = (5.14)
3
w
p

spectral density function for simulated motions [30].

Most of them have been derived by analyzing actual

[43]

(8l

[4]

[22]

[44]

investigators have established the shapes of intensity

give deterministic nonstationarity to the process.

The
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o t <o (5.15) [8]
Z; =
(t) ‘ ae—ct £ > o
o tio
g = (5.16) [7]
(t) atenCt t >o
le} t <o
4 = 3 _ _ (5.17) [41]
(t) e at - e Bt t > o0
e} t <o
Sy T L Ll-t/e (5.18) [44]
a— e b t >0
t
p
(= o<t
°\H
z = {1 to <t <t (5.19) [11]
(t) o -c(t—t2) 1 2
I e t,. < t
o 2 —
; ‘(al +a, t) et
E(t) = ct2 (5.20) [22]

‘(al + a, t) 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,

@
1

Glw,t)

2
l+4h2%
gvg
> 5 3 B (5.21)
1 -2 ) s an”
2 g 2
AV] AY)
g g
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in which w denotes circular fregquency and vg and hg represent the
dominant circular frequency and a parameter which indicates sharpness of
the peak, respectively. The dominant circular frequency vg is assumed

to be dependent upon time, having the form

<
1l

v (t)
g

- 2 (5.22)

bt® + 1

Coefficients a, b and ¢ in Eg. (5.22) are fixed as 5.027 x lOl,

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

frequencies at time t = 0, 6 and 20 second become

v (0) = 21 » 8
g

v (6) = 2w - 5
g

v (20) = 27 « 1
g

showing a rapid change in the dominant frequency with time. The parameter
hg is fixed at 0.3 over the entire duration of motion.

For a deterministic intensity function, the shape

Sy = f(ap ta,t) o Ct (5.23)

proposed by Iyengar [22] is applied. Coefficients al, a2 and c are
determined as 0, 4.53 x 10_l and 1/6, in which case the resulting maximum
intensity of £(6) becomes unity and ratios ¢(12)/z(6) and z(20)/z(6)
become 0.74 and 0.32, respectively.

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

given through
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[ee]
Ela(t ) a(t )] = f Glw,t ) dw
(o] (o] (o]
-0
2
o 1+4n %
g vg
= wz 5 , wz B dw
- 1 ~=] +4n° =
2 g . 2
v v
g g
* 1l + 4 h2 V2
=\)(t)[ B dv
g oo (1—\)2)2+4h v
= vy (t) ~C-*B (5.24)
g o

where V is equal to w/vg and C given by the integral can be
expressed as C = C (hg). 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 to. The parameter hg 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)
B
= 3 (c ) (5.25)
g o

in which quantity B is constant either with circular frequency w or
with time to' Having obtained the process of uniform variances and of

nonstationarity in frequency content using the spectral density function
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2
1+4n°%
g2
AV} -
' 2Y 20> VY
1-2)+an°2 9
2 g 2
V vV
g g
Vv = v (t) (5.26)
g g

, the process is multiplied by the deterministic

intensity function given by Eg. (5.23) and the zero baseline is deter-
mined by a parabolic curve to give reasonable velocity and displacement
time histories. Figures 5.la and 5.1b 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

C7(r) = = r(t) (5.27)
2

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 to, 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 duratiop of
motion. For example, if in Eg. (5.21) both parameters hg and vg were
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. EXAMPLES 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
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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

2
1+4 0% 9%
i'g 2
.Vg 3
— 1
iG(u),t) = w2 5 wz = (5.28)
1-*5)+4 n = *°
.V 19y
1 g 19
i = 1.2,3

which is identical to that used in the one-dimensional simulation. 1In
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.

Vo= v (t)
ig ig
= 27 (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 i\)g(5) and ivg(BO)
(i=1,2,3) equal 6T and 27, respectively. The parameter ihg in the
powey 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 sinusocidal 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) al(t)
gy (8) = T(t) a2(t) (5.30)
aUD(t) a3(t)
where
r—sindJ cosf sind,, cosb sing cosh_ |
1 1 2 2 3 3
T = sind)l sinel sind)2 sine2 sind)3 sin@3 (5.31)
L coscbl cosd)2 cos(p3 _J
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in which ¢i and Gi (i = 1,2,3) represent vertical and horizontal
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, 61, ¢2, 92, ¢3 and 63, they are interdependent

through the orthogonal conditions.

51n¢l 51n¢2 cos(el - 62) + cosd)l cosd)2 =0
sin¢2 51n¢3 cos(62 - 63) + cos(b2 cos(b3 = 0 (5.32)
=0

sincb3 sind)1 cos(@3 - 61) + coqu3 coscbl =

If ¢3 equals zero, the minor principal axis is directed vertical in
which case cos¢l and cosd)2 equal zero; therefore, the quantity
cos(el - 62) 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, N30°E,
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 Gi when the corresponding angle ¢i equals

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. Assumihg 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 N60°W and

N30°E 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 1is 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 earthguake. Therefore,

the simple ground motion model prescribed appears to be adequate.



135

SUOTION
po3jeTnuIs

AaTsusjut
OT3STUTWISIBP ®©
SATHb 03 uoTipunyg

A3Tsusjut ue
Agq A1dmatnw o

AjTsusiut
OT3ISTUTWIS]SD ®
2ATD 03 uoTioung

A31susiaur ue
Aq AtdraTnu oL

A3jTsusp Teazoeds
aemod ezetadoxdde
ue butaey
ssanoad wopuex
e 93eI9ULb O

ssoooad sy3 03
Ajtsusp Teazoads
zomod 93etadoadde
ue pIOTA 03 I93TTI
e ybnoayiz ssed o

sseoooxd 9yl o3
Aatsusp Teazoeds
aomod oxetadoadde
ue PI9TA 03 IXOIQTTJF
e ybnoxyl ssed oI

KA3Tsuejut
OT3ISTUTWISLSP ®
oaTb 031 uoT3oung

K3Tsuojutr ue
ARg ATdratnu of

9STOU 33TYM
Axeuotiels ®©
ojeIousd oI

[0€] SSAD0Yd WOANVY AJYNOILVLSNON 40 NOILVTIAWIS J0 WYIODVIA DILVWIHDS T1°9 dTIdVL

(IT1)

(1I7)

(1)



(GAL]

ACC.

(HZ)

FREQ.

Fig.

136

DETERMINISTIC INTENSITY FUNCTION
IYENGAR S INTENSITY FUNCTION
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5.1 Prescribed intensity and spectral density function.
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NON-STATIONARY ¥ SAMPLE 1 %
TAJIMI S SPECTRAL DENSITY AND JYENGAR S INTENSITY
FILTERED
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Fig. 5.2 Time history and time dependent spectral density

for sample 1.
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NON-STATIONARY ¥ SAMPLE 2 *

TAJIM]I § SPECTRAL DENSITY AND IYENGAR S INTENSITY
FILTERED
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Fig. 5.3 Time history and time dependent spectral density
for sample 2.
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NON-STATIONARY *¥ SAMPLE 3 *
TAJIM]I S SPECTRAL DENSITY AND IYENCAR S INTENSITY
fFILTERED
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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
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Fig. 5.5 Time history and time dependent spectral density
for sample 4.
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TIME DEPENDENT CHARACTERISTICS
DIRECTION AND INTENSITY OF PRINCIPAL COMPONENTS
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Fig. 5.6 Prescribed properties of three-dimensional stochastic
model.
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NON-STATIONARY * SAMPLE 3-0 1 %
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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Fig. A.4 Time dependent frequency distribution 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.



165

cs{DurTIRA

"tedtoutad jo joox a2aenbs pue soxe Tediourad JO SUOTIJIOLITP Juspusdsp sSwIl

€'33s)
0 oz 0°s1

AWIL

o

0

it

— T

MSO 65 811°NSO

MEQ EF

Tivy

10 S¢

("233s51 aWIL

201

3901d ¥3TIIHAM
“ON NOILVLS

001 S°¢L 0°s sz 0
s ST SRS
—~ T -~
~
N
\
\
= 7N
' \ {4 A
| | VI
= ——
-~
= e N

“IV3 ‘NVYWYE09

811 ‘NSO 8%

ve

“INV1d ONIdWNd 0SO

25

"ON NDILWLS

('03s) 3IWIL

T°

g *btg

oot st 0's 2 0
0
02
w Rt SEE RSN
0y = e S NN N
0'g X e
> ~Pe
08 =
601
06-
sv-
x
1] m
4
sv >
06
0c L o NN
x
09 — ~ — —
s I DAY LN )
08
001 St 0°s sz 0
TIVI NOPIL CNOP3L tLd
M60 ¥S BIT°NED 2S5 +€ 96 TON NOILVLS
°33s) 3WIL
0°'s1 stz 001 st 0°s sz 0
L A B et o o A O ]
S e T
I 0~ P
oot NN
— Sl
groz ©
X
>
0°0¢E
00+
06- v
v
~/
se- 4,
=
[} m —
a4
sy~
06
[
e ~ \, ==
x - O
09 = B A
96 A - —
0°53 szt 001 st 0°s 52 0
TIYO ‘3NIAIAVEY ‘FLIS Y M'I 'LNVId ON{dWNd [dVHIVHIL

M8E BF 811 °NDOE 95 ¥E Lz

"ON

NOTLVLS

o
©
YWIIS

o
YLI3HL

08

o¢
o9
06

IHd

VWIIS

06—

Sk -

o
V1I3HL

Sé

06

0g ®
09 —
06



166

(penuTjuod) T°g *bTa

(°338) 3WIl {338y 3IWIL
65z 002 0°ST 001 0-s i 0°0¢ 0°52 002 o5t 0°01 0°5 0
0 0
0°0z
«» - .
0°0+ — AR N ool
= -
0-og X
> = v 002
008 /|\Ml(\\
07001 0°0¢
06- 06—
o~
—— - |17 AN / [~~~ _
Sy = St-
T T
4] m 0 m
- —~
sy 6
06 3 o8
o e o
s> —_— e og ©
i x =
09 ~ — 08 —
_ ey et e — =
= 06 — o8
6752 002 0°st oot 0°s 0 0ot 0°s52 002z 051 oot 0°s 0
"IV ‘3LN0Y¥ 394I¥ @7C IIVLISVI *I¥) ‘WVYO NOANYD NOGHVI
Myz 6€ 8IT°‘NBT €€ +¢ 011 "ON NOILVLS M9z 05 L11°NZS +5 g¢ 80% “ON NOILVLS
(°235) 3JWIL (338} 3JWIL
602 0°st 0ot 0°s 0 0°0¢ 052 002 0°s1 0701 0°s 0
....... [} T T 0
=Emod T - S S

/
!
!
/
!
!
4
i
/
i
o
°
-
YWITLS
/I
{v
L
7
/
f
;
!
/
‘\
H
o
=

06~

Sy-

Y1I3IHL
YL13H

o€

[Hd

08
== 06 — —=

002 0°s1 0°01 0°% [} D-o0¢ 0°sz 0°02 0°Ss1 0°ort 0°S 0

CIV) VYIAaVIYY ‘YdI0AY3ISIY VLINY VINVS IV CVINY ‘W00 39VHOLS ‘301440 LSOd VINY
M80 10 B8IT*NSO 31 #¥¢ #0101 "ON NOILVILS MSZ 0+ 9T11°NOZ €€ €€ €07 "ON NOILVLS

YWAIS

YWITIS



167

(penutjuod) T°g -“bta

VL9I3IHL

V13HL

2351 3IWIL (°938) 3IWIL
0°o0¢ 052 002 0°st 0" 01 0°s 0 0-02 0751 001 [(REA [
== 17 o T orre 0 0
N SRR I
N e ,/l\ N
S ==t 0'0g © 001
S - - S
il ¥ S L= ~a
=
L 07001 > // 0roe
6051 0°0¢
06- —— 06 -
e STl
Sh- , Sp -
— - i 4
- P .
¢ e 0
> 1
54 | [
1
06 L 06
o 0 o
faec” = S T 0g © ML LSS SOl R gg ™
X T ES
o ——— PG 08 =S 0s =
£ = ey \J > -~ 4 i Ly | SN
< 06 08
P
0°0¢ 0°5¢2 c'oz 0D°ST 00t 0°'s [} 0'o0e 0°s1 o'or 0§ 0
CIVY ‘31VANIT9 19318 FITAYIS TVAIJDINAW ‘AVAOVOIE LSVI £€9 TIY3 ‘Y10AY¥ISIY LNOWIIVY ‘YI0A¥3IS3Y
MOS #1 B11°NOO 80 b¢ Zz1 "ON NOILIVLS MLE Sz BT1'NS8T Zb be 121 "ON NOILVLS
(°238) 3AWIL (*2338) 3WIL
0°0¢ 0°62 0702 [ c ot 0°5 0 [ $°¢t 0°s s 2 [}
[} 0
- P I B = 0-
S e - 05 © PE [ P s
] - e~ [ — e Et BN o
I/\l/ N p — NV SPLAGN B B
= B | SR
0r ot >
051
06—
mvll.
— - T
0
3
T
06
e e e M 0
- 0e ®
P
- 08
= = = 06 —
o o¢ 08582 0'0z 0°st 001 0°'s o 0 01 St Q'S Sz 0
“1VI ‘VYS3W YLS0) ‘¥007T3 GNNO¥Y “L3IIYLS HLET LSIM 999 "Av¥) "NOL702 “ANVJIWO3 NOSIO3

MGE S§S (11°N8E 8¢ €€ $¥11 °“ON NOILVLS MSy 81 LTT'N¥E €0 ¢ €171 "ON NOILVLS

YWOIS

YIWITIS



168

(penutauod) T°g *HTA

YWIILS

YWIIS

(°338) 3IWIL €C"23s) 3WIL
0°0¢ 0°s2 002 05t 001 0°s [ o oc 0°sz 06z , 0°'St [N 0°s 0
o 0
»
©
e
>
- —~
T =4
m m
—~ —~
> >
. e A v e I e s —r— 0
............ - i 0g © s og ©
® T
== 08 o = 09 —
—] N s N - -
g 06 =~ - 08
0°0¢ 0°s2 00z 0°s1 001 0°s 0 0o¢ 052 0°02 0°st 001 0°s 0
©IV0 ‘HOV3E SNOT ‘713A37 ONNO¥S 3937700 3ILVLIS HIVIE ONOD *Ivd ‘HOV3g ONOT ‘9NI1G1INE SITLITILA ‘AVMAVOYE LS3IM 512
MS% 80 8IT‘NSE 8+ E£E ZET "ON NOILYLS MLE TT1 81T°NOT St €€ TET "ON NOILVLS
€°23383 3IWIL °23s) 3IWIL
04 0°se 00 052 0°02 0°s1 0ot 0°5s 0 0'0¢ 001 0" s o
0 0
eeeeocaees \\ 0's 0s
[ NN A b he S
4 N 7
0ol > — 001
6 s 0°S1
06-
4 O e Sk
T E
m 0 m
- —
> o ¥
06
e T —— 0 0
PRt PR S N e N - ] 0pg © 0e >
x =
e 09 = 09 =
NN R - = et 06 P — 06
0y 0°s¢ o-og sz 00z 051 0ot 0°s 0 0-o¢ 052 0°0z 0 0
*IV3 ‘HOV3IE ONOT ONVISI TVNIWY3IL "IVD CLIWIH CNOILVLS 3¥14 LIWIH HO0Y IOVIOLS 3SOH

Mmoe €0 8T1'NES Sv €¢ 0El "ON NOILVLS MSb 85 911 'NLy €4 €€ €21 "ON NOILWYLS



169

A ]

€°338) 3IWIL
0702 oSt 0ot s .
e R .
= Y
N .- -7
N
_ >
N -

7
B k- - -z
0'sz a0z 0°S1 0°01 0°'s 1)
‘$3T1IGNVY S0T ‘WO0Y NOGOW "A¥01lVA¥ISE0 MY¥Yd HLIIFTHO
M8S L1 811 °NSO (0 +v€ T+1 "ON NOILVLS
("33s) 3WIl
o€ 0°s1 0°o071 0°§ ¢]
=FC S ——
~
~
//// -

o¢ 0°sz2 0°02 0°S1 o"ar1 0°S
TI¥3 'S3ITISNY S0 L0 "3°d IQVHOLS O00MATIICH
MO0 02 811°NCOO SO b€ S¢l "ON NOILVLS

(PSNUT3UOD)

VWIIS

V1i3IHL

YWITS

o
V0I3HL

og ©
09 —
06

0"

19 °bt14a

(°33s) 3WIL

0°0¢ 0°se 0 o0z 0§t ot (-1 0
NES
N RN
N o
< Tz
S|’
N
/ //\l.
ey \ﬂ\||ltl
v [ ST R
NG A N S P .
0"0¢ 0°sz 0r0z 0°s1 0°0¢1 0°¢s 0
“v3 “S3TIONVY SO0 TA¥OLYH¥0OVYI d0OL3IVIY¥ VAN
MOO £2 8II'NOO +0 b€ 0%¥T °"ON NOTILVLS
(°33s5) 3WIL
"0 0°s¢g 0°0¢ 0-sz 0°02 0°s1 0°01 0°s 0

Vi et S -~ e
PESER c T = T —— P it
L e 4 9 et e o e
0% 0°s¢g 0°0¢ 0°52 0°02 0°51 0" 0t 0°s
IV2 "$371IONVY SO01 LWSE 3IIVIOLS GOCGMATIOH
MO0 02 811°NOO SO +b¢g €€l "ON NOILVLS

YHIOIS

)
V1I3HL

08

oe ®©
T

08 w

06

VLI3HL



170

°338)

JWIL

s

pEAY —— —d/ KT N gy
0'S2 0'oz 0°st g'or 0°s a
*1¥3 ‘S3ITIINVY S0 ‘LN3IWISVYE “INNIAV IVYNOZ 1102
Mmg1 21 8II°'NSE €0 ¥v¢€ 061 "ON NOILVLS
C"233s) 3WIL
0'52 g0z 0°S1 0707 0°Ss 0
B el il SO, .
I S Rl YR
S R .-
<
~—
RS
> —_—~
—t = == \\]// — =
0782z 6 oz 0°S1 0°01 0°s s}
“1V2 ‘S$3739NVY SO CLNIWISVYE L3I3YLS LSAII 3 0S¢
M8z vl BIT'NID €0 +¢€ TST "ON NOILlVLS

(penuTluos)

YH3IS

S¥-

o
YLI3IHL

Sé

06

oe ©
x

08
08

YWOIS

0°08

YLI3IHL

aeg ©
T

09 —

08

19 -bta

M )

(3382
ooz 0°s

AWIL

¥ [

1]

~.
YWIIS

VI3IHL

e R SETT oI — 0
0g ©
T
- = 08 =
N R S e, I
s 06
0-o¢ 0°'sz 0°02 0°s1 6ol 0°s 0
*I¥3 ‘S3TIONY S07 ‘74 LST LS OON3¥VW ‘S 0+91
M8% 21 BIT°'NSE €0 +¢€ 181 “ON NODILlVLlS
(°23s) JFWIL
0-o¢ 0°s2 0°c2 0°s1 007 0°s 0
0
L racamennn s T S
S = - g o1
[ —— »
L = grgz @
N 7 2
NS >
4 0°'0¢
00+
mES 06-
[N
| N _
T Sh-
e x
] m
L —~
= sy~
06
— 0
......... =~ 0g ©
=
P 08 =
06
0°0¢ 0°s1 0ot 0°s 0

“S3INIINY S0 LNIWISVYE-SNAS “TJATE NOSLYIEOY HLY¥ON 021

M8S 2z 811 °NzZE #0

v e

€b1

"ON NOLDLVLS



171

. (penuTjuod) T-g -bTa

YWIIS

YIWOTS

(235) 3WIL (°2335) 3WIL
0°5sz2 0702z [ 001 0°S 0 00+ 0°sg 0°0¢ 0 582 ooz oSt g o1 0°s 0
= e T 0
W < = 0°0z
f} //|(|\\
jd
> L 00+
0°09
[ -
| I x
== m
=
>
PEEN ~ P - o
R T , s T 0og ©
x
v — 08 ~ =
== 06
0°s2 0°02 U] 0 00+
YINJOJIIVYD “S3T39NVY S0 “LNIW3ISvVE ‘0¥vAIIN0g L3ISNNS £98+ "I¥3 “S3ITIANY SO0 ‘LNIWISYE ‘TgATg 3YIHSIIM 089+
MLE L1 811 NES SO be 92z 'ON NOILVLS MTS 81 8IT NI+ €0 +¢ €22 "ON NOILVLS
('338) 3WIL (°338) 3IWIL
0°0¢ 0D'sz 002 0'st1 0°01 0°s 0 0°0¢ 0°52 0°0z2 081 0 01 [ 0
0 0
ot RAIREEREETY R - e
00z @ . \ I A prot
— R - R T
o = 00z
2 P
00+ >
-D‘Dm
0°09 0°0¥
— -
T T
= -
= —
sy 7~ >
06
PEEEEEY S pUay PrErEhl AEE o e 0
T 0g © LT 0c ©
x x
09 — == 09 —
e ey —~ - N A
N ] Pa - 06 il \ﬁ‘y{ — 08
Jo———
0°0€ 0°62 0'oz 0°st1 001 [V 0 0°0¢€ 062 002 0°si D 01 0°S 0
TIVI ‘S3IIIINY S0 CLNIW3ISVE TdAIE WIHSYIANNVY g€eg “1IvY3 'S3139NV SO CLIN3IWISVYE ‘INNIAY ALISHYIAINN ObbE

Mmee 1z 811°'NST 80 b 02¢2 "ON NOILVLS MBS 91 811 ‘NzZ 10 b¢ S0Z "ON NQOILVLS



172

0°s2 (13

€°238) 3wWIiL

0z 0°s1

P O

0°071 0§ 0

.. o~
~ il
P b o~ e e = —=
0°0¢ 0°s2z 0702 6’sT 0°0¢1 0°s a
TI1¥J3 “S3ITIINY S07T ‘LNIWISvYE “O0ATg OOOMAIIOH 080L
MLE 02Z BTT'NSO 90 b€ 8€2z "ON NOILVLS
€°338) AWIL
o-oe 0°52 0°'02 0°'s1t 0°071 0°'s 0
B kit S P
SR I p

vy

Mngv

*$3739NVY S0
g1 811 °

‘400714 LS
v e

NOS SO

‘S [N 0°s 0

‘0dva3Inocg L3ISNNS 0€HQ
Z2¢€2

"ON NOTLVLS

(PINUT3UOD)

YWIILS

oe ©
08 —
06

YINO TS

VLI3HL

0g ©
09 —
08

1°9 *bta

{"33s) 3WIL
0°0¢ 0§t 0 6's o
0°0¢ 0
"IV ‘S3ITNIONY SO0 CLNIWISVE ‘0¥VYAIINGY LISNNS 943
Mmzs 81 811 °'NOS SO ¥v¢ S€Z "ON NOILVLS
(°33s8) 3IWIL
0°0¢ 0°s2z 0'02 og°st 0 01 0°'s s}
o ) B R T o
T - ] s
Il/\ﬂz\\l\\ N
L~ A
\
1
e _ 3
0°0¢ 0°'sz 0'02z 0°st ]
"IVYJ 'S3I13IINY S0T ‘¥0074 LS ‘QdVAIIN0S AAVOLNID 082S
met zz 811 ‘NZb 95 ¢£¢ 622 "ON NOILVLS

VWIIS

086 -

Sy -

©
VLI3IHL

St

08

og ©
=

09 —
08

YWOTS

06 -

Sk~

o
VL3HL

Sk

06

0e ©
08 —
06



173

(pPonNUT3IUOD)
(2353 3IWIl
6 o¢ 0°'sz 00z 0°s1 001 a°s 0
- 0
e 00z
lllllll [~ w
= 0°0% —
~ o
o'pg X
>
o'ce
0° 001
06~
Sv-
T
[} m
3
sy >
06
N PRkt AR e EIES e = 0
g ©
T
T 08 &
N o=
06
0°o0¢ 052 00z 0°st 001 0's 0
“IVY3 *S3ITIINY SO ‘¥0004 LST ‘0dVYAIIN0OE VINLNIA 2L
m61 £z B811°'N80 60 +§ €S2 "ON NOILVLS
€(°23s) 3IWIL
o s¢ 0°o0¢ 0°'sz 0oz 0°st 0°o01 0 0
0
05
»
0'01 ©
=X
>
0°51
002
06~
sv-
X
1] m
3
sy
08
[N A . ,,
eans s ,VJ‘ 0e ®
A Y ! >
s T =t N 09 —
R et / -~ 06
"o st 0" 0¢ 0°sz 002 051 001 05 3
“IY3 S3INIINY SO ‘LN3IWISYE '3IAV NIOINIT B8€£88
ML0 S2 811 °N9E LS €€ bb2Z2 TON NOILVLS

19 *bta

€("33s5) 3IWIL
o°o¢ 0°s2 00z 0°s1 0ot 0°s Q
I
P AN D N =
0-oeg 8°sz 0°0z 05} 0°073 [ 0
“VY) “$37139NY S0 ‘LNIWISVYE ‘0dvYAIIN0d LioddIVY 1HB86
MBO €2 811°NSbH 85 ¢£¢ LvZ "ON NOILVLS
0°33s) 3JWIL
0°0¢ 0°s2 6 0z 0°s§73 001 0°s 0

T

]
M9l 8¢

‘S3739NV S0

gl1"“NST €1 +¢

‘40074 1St
T+

TdAT8 NOIYO ¥42Z8
ON NOTLVLS

o
VLi3IHL

o
Y1I3IHL

S¥

06

0g ©
T

09
06

YIWOIS

VYWIIS



174

(poniutTiuod) T°g "bT4

(*33s) 3IWllL C°33s) 3JWIL
"o0¢ 0752 002 0°5¢ [ [ 0 0°0¢ 0°52 ooz 0757 [ 05 0
ﬁﬁ HHHW - 0 -— 0
ST S 0'g e 0s
N e i 4 U R i
RN , o ~— S LR S
Seo - =
< 60T > 0°ort
~ .-
0°S51 0S5t
4
=
m
4
>
TI¥3 ‘ONICYVYNYIE NVS ‘5430238 40 T1VH TIVD 'A¥OLVY0E8Y1 AAVN “3IWININH Lyod
M¥0O L1 LTT'NOZ 90 b€ L2 "ON NOILVLS MOC 2T 611 °NOD 60 V€ 2L2 "ON NOILVLS
C°73%) 3Wldl (°338) 3WIL
0°Sez 0°07 0581 0°07v 0°'s i} 0°0¢ as1 0-01 0°s [¢)
r i 0
- S R et —— 00z
| ~ : L=
: X B
e 0°0% > fl\\ 0%
, 008 0°09
06 - T T //\I/Tl\ Aomw
G- ; St sk~
~ ; [ =
b ; T 2
¢ m 7 0 m
- o T T N e T N
> h R I SN I \ >
1 T e S g e e = sy
. T v
06 - . 08
d PCakdte SFrEN IR ~ .19
0 © ., LEePY 0og ©
x A T
038 — N 7 N — 5 N 09
06 = = 08
0°sz 0-02 -5t 0°01 0°s 0 0°0¢ 05z 0°0e 0°S1 0°01 0's o
"IV "W0SS018¥V3d “LNVId ANIdWNG TIVY CFIVAWNIVAE ‘WO00Y JIVHOLS NOILVLIS 3814 IIVOWIVd

M8l SS 211 °NOE 0C +€ 692 “ON NOILVLS MSy 30 8110 'NO¥ bE b€ 292 "ON NOILVLS

YWIITS

VWIILS



175

(penuTjuoco) T°9 “bTd

€7J335) 3IWLL

("33S) 3WIL
0-o2 6 st o-or 0°s 0 85t stz1 0'or Ste 0°s stz o
o — 0 0
N B
/I\J - \\.\ﬁl 0°2
A 0's
- oy
| ©
< o~
L 0°01 » °
0'g
0°ST -0t
06- 06—
S no-
T4 -
< 1 0¢
o m 0
N 0g
sy >
09
08 [
o~ PRt Er—— 0 Q
SRR e Mt \ - 8z 4
e ov =
7 . 08 — 08 —
L A N uom 08
802 0°st 0°01 0°S 0 0°&1 §7et [}
J35 9769 LV N30HS ¥3L4Y VI ‘WYOD vWIoIVd 335 §'2S LV XDJ0HS ¥3Ld4¥ IVI ‘WVO VWIGIVd
mM8% €2 811°N90 02 +¢ 642 'TON NDILVLS M8b £2 811°N90 02 +%eg 642 "ON NOILVLS
(°33S) 3WIL 72383 3UWIL
0°sz 0oz g6°s1 [ 0°s 0 [ 4 0"0z 0°%1 0°01 0°s [}
0 ~ 0
B s S
e Stean LS NN
= = 0 001 .
. PR S » S 001
L7 . = <y -
<o 0roo0z mv Sd -
> 0'o2z
0°00¢
0°00% o°o¢g
= 06-
. LT ‘\,J,.\{... S 08~
ED o Ep——— T — - - 3
' s SR TN NS e o E
L = 0 m m
B — —
of > >
] — o
06
—— — — — 0 T e - 0
........... R T 0z o N Ey - i .
_ T 0%y - ADmH
_ == 09 — = 08 —
e R, AN - —— —— e
08 06
65z 002 0°s1 001 [ 0 052 0 02 o°st o'or 0's 0
‘Iv¥3 ‘W¥G vWIcIvd TIVY ‘SVWIO NVS ‘¥I0AY3S3¥ INOLSINIQONG
mevy £z BIT'NGO 02 b€ 642 "ON NOILVLS

M8Y 8% LIT'N8T SO b¢g 842 'ON NOILVLS

VHSIS

VLI3IHL

YWOITS



i76

(°338) 3uWIL
070z 0°s1 0°01 0°§s 0
o
/ \\
\! /
)
v/
o )
/ ==
S /455 \ N I
602 0°Ss1 2701 8°'s 0
335 1°60¢ LY HJ0HS ¥3L4dV “1IVI "HYOD VWIQIVd
Mgy €2 BIT'NSO 0DZ vE 6.2 'ON NOILVLS
(°23s) 3WIL
[ s*z1 s L 0
......... o das- e
———— ==
=TT
B AN 1
<
-]
L
— R N B e TS T
L
[ s°21 0ot S'¢ 0°s s 2 o
338 0°z91 1V AJ20HS ¥3LiV "AVI ‘WVYO YWHIOIVI
M8y £2 B11'NGC 02 +¢€ 6.2 TON NOIL¥LS

(ponuUT3UOD)

YW3IILS

o
Vi3HL

YOI

o
VI3HL

T°g 614

(7238) 3IWIL
0°02 051 0°01 0
N
2N
B . .
] =
AN R IR Qe ]
W X 3
N e A
ja——
00z 051 00t 6°s 0
235 1°0EZ LV MJIOHS ¥3L4V ‘YD ‘WUVD VWIODIVd
Mgy €2 811°N90 0z +¢ 642 'ON NOILVLS
°2338) 3IWIL
a'o¢ 051 001 0°¢ 0
2 =g ez
e H 7/ \ _
0 0¢ 05z 00z  o-si 001 0°s 0
338 97401 LV NJ0HS ¥3L4¥ V2 ‘UVO YWIO0IVd
M8y €2 BI1'N9D 02 +v¢ 642 TON NOILVLS

o
VLI3HL

[URSVR

o
VLI3IHL

06

0g ©
09
[}

o
P
VWIS

YIWIIS



177

(penutquod)

(*33s) 3WIL
0°s2 6 oz 0st 001 0°s 0
—= 0
00z
w
0'oy ©
=
>
009
008
4
x
m
3
>
— e e — e 0
— e ®
=
= 09 —~
L = ] = - L, o
0°sz 002z oSt orar 0°s 0
SY¥OM 137L0CG *°IY3 ‘WVD YIJI[13d VINVS
M2Z0 S+ B8II*NI#® £2 b€ #82 "ON NOILVLS
172351 3WIi
0°se e 0t 0°sz 002 051 001 0°s 0
0
= = S N S o's @
\I\l\/J{L|!I// ’ o
T 2
070t >
0" st
06-
— 1 54—
- x
— e 1] m
_ ) ~
sy 7
06
..... - e e 0
0g ©
x
e I 09 —
B o = ~ o6
0'se 0-o0¢ 05z 00z 051 001 05 0
*Av3 ‘ALNNOD IINVEO ‘VNY VINVS ‘ONIOTING INI¥3INLIONI
MOO 25 LI1'NOO S# €€ 182 “ON NOILVLS

T°d

ava

.@Hh
(°23s) 3IWIlL
0-0¢ 0°sz 06702 075} 001 0°s 0
— - o
.Iy“l.ylf == LS = —hee 02z
~— o] BRPTCEE »
Nl - —
0"y ©
i U SN - 3
N do
Do o'
o8
06—
Se-
T
6 m
5
s 7
]
06
,,,,,,, e 0
= og ©
x
1 09 —
_ - . A Tr<CIE TN ]
06
0og 0°sz 00z 0°sT 001 0°s [
CIVD ‘vHEVEHEVE VINYS ‘VINY0411VI 40 ALISIIAING
MOO 1§ BTTNSH $2 ¢ zgZ "ON NOILVLS
(*238) 3IWir
0-0¢ 082 002 o5t 0-at 0°s 0
— 0
»
o
=
>
== —
x
m
i
>
..... 0
S e =zl /:\ AL SR — Jog ®
=
—= = — O = g =F= 09 =
e S L— 06
0°0¢ 0°sz 0 oz 07t 601 0°s 0
‘IWSOND NVS 'LINVId ¥3MOJ ¥VITIAN ‘NOSIA3 "41TvVI NYIHLNOS
Me1 €€ LITNEO 22 €€ 082 "ON NOILVLS



178

€°335) 3WIL
0-o¢ 052 002 6s1 00r [
o e S i
-
S
<
\ -
L~
== e S
0°o¢ 0°sz 602 [ 007 0°s 0
TI¥I CWY0 SMOMYVN §ILLLIHM
MOT €0 BIT'NZ1 10 tE 682 "ON NOILVLS
(°33s) AWIL
0°0¢ 052 0.0z 0°st 0ot a's 0
Hu;vi/hl.w.:.l.uw.::/, ................. L
i .
h N -
//I/I \(\\

Tylvtb
A}
EEN
P
0'0¢ 652 0702 6°ST g o1 8-S 0
TIVI TONYIdN ‘WYO OLINOINY NVS
MLy 0% (TT1'N9Z BO bE £82 TON NOILWVILS

VWNIIS

o
VLIIHL

08

[
og
06

IHd

06—

Sh-

o
vY13HL

Sk

08

oe

o9
06

IHd

(penutjuod) T'g “bTa
("338) 3WIL
0°0¢ 0°62¢ 0°o0z [N 001 0°s [
S SNy T S
L
" X
- - P < == Z
0-o0¢ 0°s2 002 07y 0ol 0°s 0
"I¥3 8078 OW3 ‘NON¥3A
MOO Z1 8T1°NDOC 00 +¢€ 88Z °“ON NOILVLS
€°2381 3IWNIL
0°0% 0°s¢ 0 oe 0°sz 0°02 0°sty 0y 0°s 0
R E GO e T EEL T T Lt
RS Slistaduk: St 2 AL S
ST ——

A TS [ — — — _———a—— —
[T~ AT 3
- V
0 t T
S ! | \——
L b

=0 et e T
0se o-oc 05z 00z oSt 0-at 0°s 0
1S3¥3 °IV3 CWYO VIJI134 VINVS
MIO S% 811 °'NSE L2 b€ 582 "ON NOILVLS

o
V0I3IHL

S+

06

ge ©

09 —
06

@
YLI3HL

0e ©
08 —
06

YWIIS

YWOIS



179

TvD

0

%4

[ Q]
0°62

3s) 3IWIL

0°s1

00t

(penuUT3UOD)

1

‘“S$31VLS3 SIAHIA SOIVd "
€2 811°'NZOD 8% €€

MET

[ G}

134373 @

NNOYS N
TT#%

35) 3IWIL

ar3l via 9152
ON NOILVLS

M A ]
nes

‘goo
LE

MLH2IdM ‘73437 ONAOHED “3A

LIT'NO?

12 ve

082

Isg %»¥vd .08
"ON NOILV1S

YWSIS

=)
V1I3HL

St

06

og ©
09 —
06

VOIS

o
Y1I3HIL

19 *bTa

(3383

0

JWLL
st [

Tava

‘lVY0 YIAOOH

‘A¥3IIVY ST121

MO0 % HIT'NOO TO 9€ 262 "ON NOILVLS
€°238) 3WEL
0°b2Z 0°sT1 0701 0°s g
- [ S Ry
~I 7z
- \
002

“IVI COCOMLKOIYM ‘TIA3IT ONNODYO “3IA

MBS L€ LIT'NO¥

e

¥ € 062

140 Xdvd vL09
"ON NOILVLS

YWIITS

VLI3HL

YWD S

=3
YLI3HL

S¥

[:]:3

0¢ ©
x

09 —
06



180

TIVD

TV

("23s)

IWNTL

(p®NUTUO0D)

YWIIS

o
VLI3HL

ae

Qe

IHd

09

08

“$3739NV S0 “LNIWISYE-8NSs ‘13IJYLs 17
Mre S

811 ‘NOv Z0

(73383

Ve LEY

IWTL

0751 o-c1

0°s [

I4 HInos 0sI1
"ON NOILVLS

YWOIS

o
VLI3AHL

g0 ™

09

06

“S1TIH AT¥3IATG ‘LINIFUISVYE
MZZ €2 8TI'NOO %0

‘ag¥vallnecd
bE 91¢b

IYIHSIIM 0016
"ON NOILVLS

TV

T°g "bTa

("23s) 3IWIL

‘$3ITIONY 'S0

Mnoe 1e sit

101 9NINdVd 8
‘NSHy €0 be

‘gyv¥A3TIN0d IYIHSTIM BO0ES

82% "ON NOILVLS

(72383 3IWIL
0'o0¢ 0'sz 0 o0z oSt 0ot 0°s [
e E N i e T ]l
= T .
N
——
PR
\/ 1
S
0°oE 9°s [0}

TVl

“S3ITIONY SO0T 'LINIWNIsvE

Mmey £z g1t ‘NIz €0 b¢g

“3A1d0 A1d¥3A34d LLT1
€1y "ON NOILVLS

YWIITS

o
VY1I3HL

Sk

08

0g ©

08 —
08

YWIITS

o
VIi3HL

Sy

06

;X%
0g
06

THd



181

(penurjuod) T-g “BTd

(°338) 3IWIL €238y 3IWIL
0-o¢ 0°sz 0°02 08t 0°a1 05 0 652 002 (RS 0ot 0°s o
i 0
ey
e = \\ 6’01 6'0z
7 o
=
0oz > 6o
0 0c 0ros
08—
— % Sk~ 4
Al x — b
o 0 m m
) N q
& sy 7 >
06
N LI B RES .. | - 0
et . 0c
e I T
- 09 =
- —~___ >N~ —1a7 e = T
g - =" == — 08
a-o¢ 05z 00z 0751 0 01 05z ooz 05t o-ot 0°s o
©i¥3 TSTTIH AT¥3A3E CLNIWISYE ‘IANIAV LSANHIVO HLHUON SEF *1vd ‘53739NV 5071 CLNIWISVE ‘0ATE FHIHSTIM 00§72
ngz €2 811 °NOF +0 v¢ ZSv "ON NOILVLS MLy 91 811 °NSE €0 b B¥b "ON NOILWLS
(2338} 3IWIL 0°33s) 3WIL
g-o¢ 0°s1 0-a1 0°s [ 0-o¢g 0°s2 00z 051 0-ot 0s o
o e 0
P R e e —
- N U
[P . 0 oz @ //l\” - 00z
(=3 //
= S~
0° 0 > ooy
008 0°03
06~ 06 -
Sv- sh-
= -
— 0 m 0 m
- —
sy~ : sy~
06 06
0 T — e — o
0g O - 0g ®
T x
08 = — - ng =
06 = o s = S e e e T — 06
0" 0 0o0¢ 0°'sz 0oz oS 0oy 05 0
“1vD ‘000MAIION ‘80074 ONG ‘30NIAY GIHO¥O *N 0971 *Iv0 ‘$3713INV SO ‘¥0014 ONNOYO ‘GAVA3IINOE FHIHSTIM 0029

MOZ 0z 811°NOT 90 b€ 9% "ON NOILVLS MEY 12 811 'NLb €0 bg €bb "ON NOILVLS

VOIS

YWITS



182

(penuriuod) T-g °bTa
("745) dls €°33s) IWIL
0°0¢ 0°5¢ 0 0¢ 0°52 602 v'st 0°01 0°s 0 D'0¢ 6°se [ A [ 001 6°s 1]
0 0
B S T S - S os PR e g
BN U I RN w T e - 00z @
<L - - Nl = By o
= 001 © o
P— 2 4
> >
05t
0702
= - -
T T
m m
- ~
> >
e 0
. 0g ©
T
09 =
- PN | I N
I - = 08
0°0% 0°%¢E 0'0¢€ 0°se 0°02 0
"IV ‘ONYULSIdVYI NVNL NVS CI¥I *S$S3INTIINY SO0 ‘UINIWISYS ‘T0AT8 YHNLNIA 016SF
M¥T Ob LT1°NZ2Z 62 €€ S8% ON NOILVLS M8y 8Z BI1°NIE 60 +E IS ON NOILVLS
£°335) 3WIL €°33s) 3uWIL
0°0¢ 0°'S2 0°0z 0°st 001 0°'S 0 0°0€E 0°S1 001! [ 0
0 0
B S R I e \\H\
oz @ N 00z ©
=] = \ @
= ~ .- =
0°0¥% > = = 00y »
cog 008
- AP 06- a6~
A NN T 1
T =T Sk sh-
S ) N T =
- + [ m Q m
~ —
sv 7 sy~
06 06
N/\/ D R S PE T e o
o] oe ® 0g T
x ~== Y\ Ed x
Y /r|//r\ — 08 — 09 —
T WP VO Save M /| oe 0e
0°0¢ 0°sz 00z 061 ocrort 0§ 0 0°o¢ 1]
CAY3 ‘SIVIONY SOT “LNIWISVYE ‘L33¥LS NIMONVYA LO0IG! TIVI ‘STITIH ATd3IATE ‘yo0Td tSEIF YFATHG AYAEX0H HLY¥ON OSH

Mzt

£0 8IT“NZy 11 b€

85S¢

"ON NOILVLS

Mmee

¥2 811°NLO ¥O

b€ SSF "ON NOILVLS



183

*03s5)
0°S1

IWTL
0°01

0°0¢ 0°52 0°02 0°st oot 0°s 0
*IVD 'NOLH¥31IN4d CLIN3W3SVYE ‘INNIAVY OGOMLAN 0082
MES 2ZS (11 °NBE Z§5 €€ 9LFv TON NOILVLS
(°33s5) 3IWIL

0°0¢ 0°5s2 0°02 0°51 6°01 6 s 0

—=Ed e Ry

I > o

// - \\\
///I' \\
7 NN

0D 0¢€ 0°52 0702 0°s1 oot 0°s o
*I¥) 'S3ITIONV SO0 “¥00T4 ONNO¥O ‘TO0AT9 ITdWAIO0 5291
M8z 91 8I1T°'N8S 20 %¢ 68% "ON NOILVLS

(pPenuUTIUOD)

YWIIS

=3
VLI3HL

06

oe ©
E

09

06

YWITS

YL13IHL

g ®
08 —
<13}

T°g °bt1g

T —— I
- ~ —_— 4
e e R g = = 9
0°0¢ 0782 002 0°Sst 80°01 6'S 0
"IV ‘IINVYHO ‘LNIWISYE ANNIAY NYWIVYHI LS3IM 000%F
MEE €6 LIT'NIS 94 €€ L% “ON NOILLVLS
{72382 3WIL

0°0¢€ 80751 0'01 0§ 0

PR 7

-~ S B P

— .

= =
NP e e e - -

[N 0°Sz 0°0¢ 0°g1 001 0°S 0

"IYO TS373INY S0 LNIWISVYE T0AIE VYENLNIA 0SZS!

MOS £2Z 81T'N¥1 B0 +v¢ 99% "ON NOILVLS

YWOIS

o
VL13HL

YWOIS

o
YLI3HL



184

(peniutjuon) T°g °b6TH
(72383 3IWIL
to¢e 0°82 6oz 0°st 001 0°s Q

I e

4 A = N
o€ a°s2z 002 c'Ss1 0ot s o}
TV CVYEOHVHTY CLN3WISYS TIANNIAY LNOWI¥S HLINOS 006

M9s 80 811 NSO SO

BE

8¢

TON

NOILVLS

YLIHL



185

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.1 Time dependent frequency distribution in area C.
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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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EARTHQUAKE ENGINEERING RESEARCH CENTER REPORTS

EERC 67-1 "Feasibility Study Large-Scale Earthquake Simulator
Facility," by J. Penzien, J. G. Bouwkamp, R. W. Clough
and D. Rea - 1967 (PB 187 905) :

EERC 68-1 Unassigned

EERC 68-2 "Inelastic Behavior of Beam-to-Column Subassemblages
Under Repeated Loading," by V. V. Bertero - 1968
(PB 184 888)

EERC 68-3 "A Graphical Method for Solving the Wave Reflection-

Refraction Problem," by H. D. McNiven and Y. Mengi
1968 (PB 187 943)

EERC 68-4 "Dynamic Properties of McKinley School Buildings," by
D. Rea, J. G. Bouwkamp and R. W. Clough - 1968
(PB 187 902)

EERC 68-5 "Characteristics of Rock Motions During Earthquakes,"
by H. B. Seed, I. M. Idriss and F. W. Kiefer - 1968
(PB 188 338)

EERC 69-1 "Earthquake Engineering Research at Berkeley," - 1969
(PB 187 906)

EERC 69-2 "Nonlinear Seismic Response of Earth Structures," by

M. Dibaj and J. Penzien - 1969 (PB 187 3904)

‘EERC 69-3 "Probabilistic Study of the Behavior of Structures
During Earthguakes,”" by P. Ruiz and J. Penzien - 1969
(PB 187 886)

EERC 69-4 "Numerical Solution of Boundary Value Problems in

Structural Mechanics by Reduction to an Initial Value
Formulation," by N. Distefano and J. Schujman -~ 1969
(PB 187 942)

EERC 69-5 "Dynamic Programming and the Solution of the Biharmonic
Equation," by N. Distefano - 1969 (PB 187 941)

Note: Numbers in parenthesis are Accession Numbers assigned by the
National Technical Information Service. Copies of these reports may
be ordered from the National Technical Information Service, 5285

Port Royal Road, Springfield, Virginia, 2216l. Accession Numbers
should be quoted on orders for the reports (PB --— ---— ) and remittance
must accompany each order. (Foreign orders, add $2.50 extra for
mailing charges.) Those reports without this information listed are
not yet available from NTIS. Upon request, EERC will mail inquirers
this information when it becomes available to us.
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"Stochastic Analysis of Offshore Tower Structures,"
by A. K. Malhotra and J. Penzien - 1969 (PB 187 903)

"Rock Motion Accelerograms for High Magnitude
Earthquakes," by H. B. Seed and I. M. Idriss - 1969
(PB 187 940)

"Structural Dynamics Testing Facilities at the
University of California, Berkeley," by R. M. Stephen,
J. G. Bouwkamp, R. W. Clough and J. Penzien - 1969

(PB 189 111)

"Seismic Response of Soil Deposits Underlain by
Sloping Rock Boundaries,"™ by H. Dezfulian and
H. B. Seed - 1969 (PB 189 114)

"Dynamic Stress Analysis of Axisymmetric Structures
under Arbitrary Loading," by S. Ghosh and E. L.
Wilson - 1969 (PB 189 026)

"Seismic Behavior of Multistory Frames Designed by
Different Philosophies,”" by J. C. Anderson and
V. V. Bertero - 1969 (PB 190 662)

"Stiffness Degradation of Reinforcing Concrete
Structures Subjected to Reversed Actions," by

V. V. Bertero, B. Bresler and H. Ming Ligao - 1969
(PB 202 942)

"Response of Non-Uniform Soil Deposits to Travel
Seismic Waves," by H. Dezfulian and H. B. Seed - 1969
(pB 191 023)

"Damping Capacity of a Model Steel Structure," by
D. Rea, R. W. Clough and J. G. Bouwkamp - 1969
(PB 190 663)

"Influence of Local Soil Conditions on Building
Damage Potential during Earthquakes," by H. B. Seed
and I. M. Idriss -~ 1969 (PB 191 036)

"The Behavior of Sands under Seismic Loading
Conditions," by M. L. Silver and H. B, Seed - 1969
(AD 714 982)

"Earthquake Response of Concrete Gravity Dams," by
A. K. Chopra - 1970 (AD 709 640)

"Relationships between Soil Conditions and Building
Damage in the Caracas Earthquake of July 29, 1967," by
H. B. Seed, I. M. Idriss and H. Dezfulian - 1970

(PB 195 762)
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"Cyclic Loading of Full Size Steel Connections," by
E. P. Popov and R. M. Stephen - 1970 (PB 213 545)

"Seismic Analysis of the Charaima Building,
Caraballeda, Venezuela," by Subcommittee of the
SEAONC Research Committee: V. V. Bertero, P. F.
Fratessa, S. A. Mahin, J. H. Sexton, A. C. Scordelis,
E. L. Wilson, L. A. Wyllie, H. B. Seed and J. Penzien,
Chairman - 1970 (PB 201 455)

"A Computer Program for Earthquake Analysis of Dams,"
by A. K. Chopra and P. Chakrabarti - 1970 (AD 723 994)

"The Propagation of Love Waves across Non-Horizontally
Layered Structures," by J. Lysmer and L. A. Drake -
1970 (PB 197 896) ‘ :

"Influence of Base Rock Characteristics on Ground
Response,"” by J. Lysmer, H. B. Seed and P. B.
Schnabel - 1970 (PB 197 897)

"Applicability of Laboratory Test Procedures for
Measuring Soil Liquefaction Characteristics under
Cyclic Loading," by H., B. Seed and W. H. Peacock'-
1270 (PB 198 016)

"A Simplified Procedure for Evaluating Soil ]
Liquefaction Potential," by H. B. Seed and I. M.
Idriss - 1970 (PB 198 009)

"Soil Moduli and Damping Factors for Dynamic Response
Analysis," by H. B. Seed and I. M. Idriss - 1970
(PB 197 869)

"Koyna Earthquake and the Performance of Koyna Dam,"
by A. K. Chopra and P. Chakrabarti - 1971 (AD 731 496)

"Preliminary In-Situ Measurements of Anelastic
Absorption in Soils Using a Prototype Earthquake
Simulator," by R. D. Borcherdt and P. W. Rodgers -
1971 (PB 201 454)

"Static and Dynamic Analysis of Inelastic Frame
Structures," by F. L. Porter and G. H. Powell - 1971
(PB 210 135)

"Research Needs in Limit Design of Reinforced Concrete
Structures," by V. V. Bertero - 1971 (PB 202 943)

"Dynamic Behavior of a High-Rise Diagonally Braced
Steel Building," by D. Rea, A. A. Shah and J. G.
Bouwkamp - 1971 (PB 203 584)
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"Dynamic Stress Analysis of Porous Elastic Solids
Saturated with Compressible Fluids," by J. Ghaboussi
and E. L. Wilson - 1971 (PB 211 396)

"Inelastic Behavior of Steel Beam—to-Column
Subassemblages," by H. Krawinkler, V. V. Bertero
and E. P. Popov - 1971 (PB 211 335)

"Modification of Seismograph Records for Effects of
Local Soil Conditions," by P. Schnabel, H. B. Seed
and J. Lysmer - 1971 (PB 214 450)

"Static and Earthquake Analysis of Three Dimensional
Frame and Shear Wall Buildings," by E. L. Wilson and
H. H. Dovey - 1972 (PB 212 904)

"Accelerations in Rock for Earthquakes in the Western
United States," by P. B. Schnabel and H. B. Seed -
1972 (PB 213 100)

"Elastic-Plastic Earthquake Regponse of Soil-Building
Systems," by T. Minami - 1972 (PB 214 868)

"Stochastic Inelastic Response of Offshore Towers to
Strong Motion Earthquakes," by M. K. Kaul - 1972
(PB 215 713)

"Cyclic Behavior of Three Reinforced Concrete
Flexural Members with High Shear," by E. P. Popov,
V. V. Bertexo and H. Krawinkler -~ 1972 (PB 214 555)

"Earthquake Response of Gravity Dams Including
Reservoir Interaction Effects," by P. Chakrabarti and
A. K. Chopra - 1972 (AD 762 330)

"Dynamic Properties on Pine Flat Dam," by D. Rea,
C. Y. Liaw and A. K. Chopra - 1972 (AD 763 928)

"Three Dimensional Analysis of Building Systems," by
E. L. Wilson and H. H. Dovey ~ 1972 (PB 222 438)

"Rate of Loading Effects on Uncracked and Repaired
Reinforced Concrete Members," by S. Mahin, V. V.
Bertero, D. Rea and M. Atalay ~ 1972 (PB 224 520)

"Computer Program for Static and Dynamic Analysis of
Linear Structural Systems," by E. L. Wilson,

K.-J. Bathe, J. E. Peterson and H. H. Dovey —- 1972
(PB 220 437)
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"Literature Survey - Seismic Effects on Highway
Bridges," by T. Iwasaki, J. Penzien and R. W. Clough -
1972 (PB 215 613)

"SHAKE-A Computer Program for Earthquake Response
Analysis of Horizontally Layered Sites," by P. B.
Schnabel and J. Lysmer - 1972 (PB 220 207)

"Optimal Seismic Design of Multistory Frames," by
V. V. Bertero and H. Kamil - 1973

"Analysis of the Slides in the San Fernando Dams
during the Earthquake of February 9, 1971," by

H. B. Seed, K. L. Lee, I. M. Idriss and F. Makdisi -
1973 (PB 223 402)

"Computer Aided Ultimate Load Design of Unbraced
Multistory Steel Frames," by M. B. El-Hafez and
G. H. Powell - 1973

"Experimental Investigation into the Seismic
Behavior of Critical Regions of Reinforced Concrete
Components as Influenced by Moment and Shear," by
M. Celebi and J. Penzien - 1973 (PB 215 884)

"Hysteretic Behavior of Epoxy—-Repaired Reinforced
Concrete Beams," by M. Celebi and J. Penzien - 1973

"General Purpose Computer Program for Inelastic
Dynamic Response of Plane Structures,” by A. Kanaan
and G. H. Powell - 1973 (PB 221 260)

"A Computer Program for Earthquake Analysis of
Gravity Dams Including Reservoir Interaction," by
P. Chakrabarti and A. K. Chopra - 1973 (AD 766 271)

"Behavior of Reinforced Concrete Deep Beam—Column
Subassemblages under Cyclic Loads,"™ by 0. Kustu and
J. G. Bouwkamp - 1973

"Earthquake Analysis of Structure-Foundation Systems,"
by A. K. Vaish and A. K. Chopra - 1973 (AD 766 272)

"Deconvolution of Seismic Response for Linear
Systems," by R. B. Reimer - 1973 (PB 227 179)

"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)

Unassigned

"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 Earthguake and
Their Implications in Seismic Design," by V. V.
Bertero and R. G. Collins - 1973 (PB 235 106)
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73-27 "Further Studies on Seismic Behavior of Steel Beam-
Column Subassemblages," by V. V. Bertero,
H. Krawinkler and E. P. Popov - 1973 (PB 234 172)

74-1 "Seismic Risk Analysis,” by C. S. Oliveira - 1974
(PB 235 920)

74-2 "Settlement and Liquefaction of Sands under
Multi-Directional shaking," by R. Pyke, C. K. Chan
and H. B. Seed - 1974

74-3 "Optimum Design of Earthquake Resistant Shear
Buildings," by D. Ray, K. S. Pister and A. K. Chopra -
1974 (PB 231 172)

74-4 "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)

74~5 "Sensitivity Analysis for Hysteretic Dynamic Systems:
Applications to Earthquake Engineering," by D. Ray -
1974 (PB 233 213)

74-6 "Soil-Structure Interaction Analyses for Evaluating
Seismic Response," by H. B. Seed, J. Lysmer and
R. Hwang - 1974 (PB 236 519)

74~7 Unassigned

74-8 "Shaking Table Tests of a Steel Frame - A Progress
Report," by R. W. Clough and D. Tang - 1974

74-9 "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)

74-10 "Applications of Reliability-Based, Global Cost
Optimization to Design of Earthquake Resistant
Structures," by E. Vitiello and K. S. Pister - 1974
(PB 237 231)

74-11 "liquefaction of Gravelly Soils under Cyclic Loading
Conditions," by R. T. Wong, H. B. Seed and C. K. Chan -
1974

74-12 "site-Dependent Spectra for Earthguake-Resistant
Design," by H. B. Seed, C. Ugas and J. Lysmer — 1974
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