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ABSTRACT

This report develops a method of estimating seismic
ground strain by using techniques for strong motion data and
presents some computed results from these techniques. Simple
plane wave forms are applied to seismic records for an esti-

mation of strain.

The two earthquakes selected for this study have shallow
focal depths and strong ground motions. For these earthquakes
the paraliel and normal directions to the causative fault
1ine are shown to form a pair of orthogonal axes, along which
the mean square intensities of the components of ground

motion have maximum and minimum values.

The velocity curves are transformed to this coordinate
system. Then the seismic shear strain component at each
frequency is evaluated by applying Fourier analysis and the

simple plane wave solution.
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INTRODUCTION

It is well-known that local soil conditions at sites subjected
to seismic shaking considerably affect damage to structures at the site.
Many analytical studies and laboratory tests have been performed to
determine the dynamic characteristics of various types of soil deposits.
In particular "strain dependence" of soils, i.e., nonlinearity of shear
modulus and damping ratio with shear strain, has been clarified mainly
by laboratory tests [1, 2, 3, 4, 5, 6].% A clue to the relationship
between earthquake ground shaking and damage to structures may be found
if strains induced in the ground during an earthquake are evaluated and
then compared with results from laboratory tests.

An interesting question that also arises is as\fo]lows: "How large
will the actual strain level in soil Tayers induced by seismic ground motion
be, particularly in the case of a great destructive earthquake?" Strain
data obtained directly from instruments in soil deposits would provide
the answer. However, except for some geophysical and geotechnical surveys
such as triangulation which are mostly in a static sense, no suitable
instruments equivalent to strong-motion accelérographs for ground acceler-
ation have been developed to measure local seismic strain waves.

This report develops a method of estimating seismic ground strain
by using techniques for strong motion data and presents some computed
results from these techniques. Although the depth of soils, especiaily
soft soils, is a significant factor [7, 8] it is beyond the scope of this
paper,

DETERMINATION OF STRAIN

First, consider a plane wave in an elastic homogeneous body. If the
wave is a shear wave, particle motion in the body is transverse to the
direction of propagation and if it is a compressional wave, particle motion

*Numbers in square brackets refer to corresponding references.
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is parallel to the direction of propagation (longitudinal). If the x and

y axes are chosen in the longitudinal and transverse directions, respective-
ly,and u and v are the corresponding particle displacements, then the funda-
mental wave propagation equations can be represented as follows:

For a longitudinal wave,

32U _ 9 32u
32 - S o (1)

and for a transverse wave,

3°v 3%v .

5T - % 5w ; (2)
where

c =y = |E 1-v 6 (3)

1 p o (Tw)(T-2v)
and
G L
@ =% T [3] (4)

are the longitudinal {or compressional) wave velocity and transverse

(or shear) wave velocity, respectively. E, G, and v are Young's modulus,
the shear modulus and Poisson's ratio of the elastic body, respectively.
Equations (1) and (2) have similar solutions of the form

D = f(x-ct) + g(xt+ct) (5)

where D and ¢ are either u and ¢, or v and c,, respectively. The first
term on the right hand side of eq. (5) represents a forward moving wave and
the second term a backward moving wave. If the elastic body is infinite or
if the effects of reflected waves from a boundary can be neglected, then

it is only necessary to consider the forward wave to determine the behavior
of an arbitrary point in the body, so that

D= f(x-ct) . (6)
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The particle velocity and strain at that location are obtained by
differentiating eq. (6) with respect to t and x as shown below,

D= %% = -cf’(x-ct) (7)

e= D= fxct) . (8)
Hence

c=-D (9)

Thus the strain can be simply expressed as the ratio of particle velo-
city to wave velocity. Therefore, axial and shear strains are shown,
respectively, as follows:

g, = -~ — , (10)
L | (11)

It is obvious, furthermore, that the maximum shear velocity v of a
particle and the maximum shear strain Yy occur simultaneously when the
solution v is expressed by the sinusoidal wave form.

In the case of seismic waves propagating through the earth, conditions
are considerably different from the case of plane waves. The following
difficulties must be considered.

(1) The energy source may move along a line or on a plane, i.e., an
- earthquake fault, so that the source is a function of time as well as space.

(2) A variety of properties might be contained within the waves them-
selves induced from the source. The structure is so complicated that in
most cases it is not possible to represent the wave motion exactly by a
physical model, therefore measurements of seismic waves will be considered
as random quantities.



(3) There exist many soil layers and topographic boundaries in the
actual ground at which reflection and refraction of seismic waves might
occur.

(4) Parameters such as Young's modulus and the shear modulus of soils
will not be constant during a destructive ground shaking since, in general,
soils are not elastic.

If an observation station, however, is located far enough from the
source, seismic records at that location can be decomposed into different
wave components according to the different wave velocities c,, c, and so on.
Based on this possibility, decomposition technique has been used regularly
in seismology to overcome to some extent the difficulties (1) and (2). Dif-
ficulties (3) and (4) are principally derived from local site conditions
extremely near the surface of the earth so that they might not affect signi-
ficantly arrival times of waves in earlier parts of seismic records. These
effects cannot be neglected, however, if it is necessary to consider the
amplitudes of recorded waves. It has been pointed out, for instance, that
maximum values of ground response to seismic shaking scatter in a remarkably
wide range under the influence of local soil conditions [1, 2]. In particu-
tar, because of the interdependence between elastic modulus and amplitude of
the particle velocity, strains cannot be determined directly from seismic
records.

In spite of all these difficulties and uncertainties, the application
of the simple plane wave forms (egs. (10) and (11)) to seismic records
for an estimation of strain appears to be, at present, the best available
first approximation for engineering use.

EARTHQUAKE WAVES USED AS EXAMPLES

Since the San Fernando earthquake in 1971 during which many seijsmic
records were obtained in Southern California strong motion data from the
Western states, including these records, have been processed at the Earth-
quake Engineering Research Laboratory, California Institute of Technology
[9]. Some data processing techniques such as "baseline" correction and
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high-frequency correction [10, 11] were appliied to these data and, finally,
the results were published as corrected accelerograms and integrated ground
velocity and displacement curves [12]. The object of the base line cor-
rection was to prevent divergence of the resultant curves, which may occur

if the original data are integrated simply and directly. The object of

the high-frequency correction was to account for the fall-off of basic trans-
ducer response in the accelerographs [10, 11, 13].

These corrected data are suitable for the purpose of this work. Two
earthquake records were selected from among them and used as shown in Table
1. Schematic maps of locations of the epicenters and recording stations for
these earthquakes are shown in Figs. 1 and 2, respectively. Both earth-
‘quakes selected have strong ground motions and shallow focal depths as is
generally the case in California and the Western states.

Geotechnical data from the sites of the stations are given by C. M.
Duke and D. J. Leeds, 1962 [14]; W. R. Hansen et al., 1973 [15]; and the
U.S. Department of the Interior, Geological Survey, 1976 [16]. Subsurface
unit thickness and seismic data from Duke and Leeds are shown in Table 2,
and will be used as basic in subsequent sections.

LONGITUDINAL AND TRANSVERSE COMPONENTS

Since earthquakes occur at random locations, the direction of each
component of a seismogram at a station does not ordinarily coincide with
the direction to the focus. Therefore, records are initially decomposed
into longitudinal and transverse components. Let us consider u, v and w
as vector components in the longitudinal, transverse and vertical directions,
respectively, and u”, v~ and w” as former components. If a; (i =1,2,3)
are direction cosines, then

a

<
1]

QU7 F A, v agw (12)

Similarly,

=<
3]

b,u” + b, v’ +b W (13)



and
w=ocu'+c, v +cw (14)

in which bi(i =1,2,3) and ci(i = 1,2,3) are divection cosines of v and w
to u”, v* and w”, respectively.

If the depth of the focus can be neglected or is assumed not to

affect the direction of wave propagation, direction cosines a, b., c and

3
¢, are zero and c, = 1. Then, egs. (12) to (14) reduce to the following

simple forms.

u=au’+a,v’ (15)
v=>bu+byv" (16)
w=w . (17)

Furthermore, since the coordinate systems are Cartesian, eqs. (15) and
(16) can be written as

= Y cosHh + v7sing

<
4

(-90° < & < 90°) . (18)
u’sine + v’cosé

<l
i

We note that it does not necessarily follow that the positive direction
of the longitudinal axis coincides with the direction from the station to the
focus. For instance, for the Imperial Valley earthquake, the positive di-
rection on the longitudinal axis coincides with the direction to the focus
but vice versa for the Kern County earthquake, as shown in Figs. 4 and 5,
respectively.

Acceleration and velocity curves in both cases generated by eq. (18)
are shown in Figs. 6 to 9. Table 3 shows the maximum values and occurrence
times for these curves compared with those of the original records. For
the Taft record, there are only slight changes in the maximum values and
wave shape, but no change in the occurrence time of the maximum values



since the direction cosines are nearly equal to zero or unity during the
coordinate transformation; that is, the new longitudinal curves correspond
to the original E-W component and the new transverse curves to the N-S
components. On the other hand, in the case of the £1 Centro record after
the coordinate transformation the new curves are different from those of the
original records.

Figure 10 shows the particle orbit for the first six seconds based on
both components of the transformed velocity curves at the Imperial Irriga-
tion District station in ET1 Centro. Similarly, the particle velocity orbit
described for the first 4.8 seconds at Taft Lincoln School Tunnel station
is shown in Fig. 11. Approximate directions along the fault lines observed
on the ground surface during these earthquakes are also shown in these
figures [17, 181. The direction is shown by a single solid Tine at the
E1 Centro site because the Imperial fault is running nearly straight (see
Fig. 4). For the White Wolf fault in Kern County, the direction can be
estimated as almost straight but slightly curved at the southern end near
the epicenter (see Fig. 5). Thus two Tines are shown in Fig. 11. The solid
1ine shows the direction judged from the whole and the dashed line shows the
direction estimated from the vicinity of the observed fault end. What is
evident and interesting from these two figures is that large shaking compon-
ents are induced along the direction of the fault 1ine rather than along the
longitudinal or transverse directions to the focus. Horizontal dislocation
was predominant in the activity of both the Imperial fault and the White
Wolf fault, thus causing strongest motions along their fault lines [19, 20,
211. Distinctive characteristics of short or medium distance shocks should
be considered for these earthquakes because the epicentral distances from
the stations are about 7.3 miles (E1 Centro) and 25.6 miles (Taft), respect-
jvely. This fact suggests that for these earthquakes an important factor
affecting the ground motion will be the direction of slip of the fault.
Hence, it might be more informative to transform the coordinate system to
the directions normal and parallel to the fault line. In any case, in order
to confirm this suggestion, further research is necessary as well as improved
methods of analyzing large quantities of data.
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FOURIER ANALYSIS

Fourier analysis provides a powerful means of investigating the
characteristics of a random wave in the frequency domain. Let us consider
now the components in the frequency domain in the longitudinal and trans-
verse directions. The Fourier amplitudes and phase angles for N discrete
data samples Xm with time interval At, where N is even, are shown by

- 2 2%
Xk = [Ak + Bk 1 .
4, By » k=012, 7 (19)
¢k = tan (- T )
k
where
N-1
2 2mwkm
A= ¥ X cos—~—
kN g m N
N-1
_ 2 . 2wkm
B, = N'mzo K sTneg . (20)

Then, the time history of each component of the Fourier transform wave is
expressed hy

Aoy o - N
X (£} = X cos(@nfit + ¢ ), k = 0,1,2,..., 5 (21)
where
.
fie = mat (22)
is the frequency of the kth Fourier transform wave. Recalling the defini-
tion of '
A - iB
¢ = =, k= 0,1,2,0.0, N1 (23)
then
A, + iB, = A, , - iB k=0,1.2 LA (24)
K k N-k N-k, 2iaEArte R s



so that eq. (21) can be expressed in terms of discrete complex Fourier co-
efficients given by the equation,

N-1

T A e
m=0

¢ -i(2 km/N) K

1t

= 0,1,2,..., N-1 . (25)

o~
=2Z|-—

The discrete Fourier coefficients Ak and Bk are shown as follows:

k=0.1,2,..., (26)

roj=

(This method is the fast Fourier transformation (FFT) [22].) Coeffic-
ients Ck were computed first by using a subroutine program of the FFT coded
by Y. Ohsaki (see program 1ist in Appendix), then the Fourier amplitudes
and phase angles were obtained by eg. (19). These results are shown in
Figs. 12 to 13c for the E1 Centro site, and in Figs. 14 to 15¢ for the Taft
site.

Two approaches were attempted in this computation process: (1) The
time duration during which the Fourier analysis is applied is divided into
four different parts; viz., the total fifty seconds from the initial time;
zero to ten seconds; ten to thirty seconds; and thirty to fifty seconds.
The results from the latter three parts correspond to the so-called running
Fourier spectrum. (2) Using the phase angle, a correction was made to the
Fourier amplitude of the longitudinal component at each frequency so as to
satisfy simultaneously the maximum value of the transverse component. The
results of these calculations are tabulated in Table 4.

The purpose of these computations is to consider whether there exists
a frequency at which either the longitudinal or transverse component shows
a high peak and the other a low trough. If this were found in the figures,
it could be used to distinguish the kind or type of wave which is the domin-
ant component in the ground motion. For instance, if the transverse com-
ponent is more dominant than the longitudinal, such a frequency component
might be identified as a shear wave and so forth. This idea can also be
applied by a statistical approach corresponding to the concept of "principal
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axes of ground motion" presented by T. Kubo and J. Penzien [23], although
in a slightly different sense.

Each shaded part in Figs. 12 to 15¢ shows the range where the trans-
verse component becomes larger than the longitudinal. The selection of
several peaks for the transverse component from this range was attempted.
The results are summarized in Table 5 and Table 6. What is evident here
is that the same or a very close frequency component for each peak in
the total fifty seconds is clearly confirmed in each of the three inter-
vals. The classification of the wave type, however, is fairly complicated
because a low value of the longitudinal component does not always corres-
pond to the peak of the transverse component.

NORMAL AND PARALLEL COMPONENTS TO THE FAULT LINE

In this section let us consider the normal and parallel waves to
the fault line reproduced from the original records. The procedure is the
same as that described in the preceding sections with the appropriate angle
of transformation; i.e., 8 = +54°,5 for the E1 Centro site and & = -40°,4
for the Taft site, as shown in Table 7. MNote that for the Taft site, the
direction of the dashed line in Fig. 11 was assumed to be the direction of
fault s1ip in the area nearest to the station.

Figures 16 and 17 show the acceleration and velocity waves for the
Imperial Valley earthquake; those of the Kern County earthquake are shown
in Figs. 18 and 19. Consider the parallel components of these waves and
compare them schematically with the longitudinal and transverse curves
shown before (Figs. 6, 7 for the E1 Centro site and Figs. 8, 9 for the
Taft site) and the original north-south and east-west records. Initially
we will call these waves SH (parallel), LO (longitudinal), TR {transverse),
NS (original north-south) and EW (original east-west).

In the case of the Imperial Valley, if the sign is reversed the form
of the SH wave is similar to that of LO even though the values of the
amplitudes are different from each other. This tendency is particularly
conspicuous in the velocity curves. Now LO was quite different from
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either NS or EW, as mentioned before, hence SH bears no resemblance to
ejther NS or EW.

In the case of the Kern County earthquake, it can be seen from Figs.
8 and 18, or Figs. 9 and 19 that SH is not 1ike LO or TR. 1In particular,
the amplitudes are different. Meanwhile LO resembles EW closely and TR
resembles NS, as before. Therefore, it can be said that SH bears no
resemblance to either NS or EW.

This result can be justified theoretically as follows: Assuming
u” = v’ =1 and solving eq. {18) for u with 0° < 8 < 45°, the result shown
in Fig. 20 is obtained. The new component u or the ratio r = u/u” {in
which u” = 1) can be expressed by the length of the chord for values of
9 and changes on the continuous curve described in this figure. The
range of ris r=1at 8=20°tor=2ato=45° Three pairs of com-
ponents corresponding to the smallest rotation angle were selected from
among the three coordinates of SH, LO-TR and NS-EW and each ratic was
calculated. The results are summarized below.

E1 Centro site

Case 1 SH to LO 18°.5 r=1.266
Case 2 SH to NS 35°.5 r = 1.395
Case 3 -~ LO to EW 36°.0 r = 1.397
Taft site

Case 4 SH to LO 43°.0 r=1.413
Case 5 SH to EM 40°.4 r = 1.409
Case 6 LO to EW | 2°.6 r=1.044

A1l the other combinations of components have larger ratios than
these cases. It is clear from the above that the pairs of waves are
similar to each other in Case 1 and especially in Case 6 because of their
small ratios, but look quite different from each other in Cases 2, 3, &
and 5.
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Attention should also be paid to the fact that for & = 45° one
component becomes zero. This fact suggests that there may exist a set
of directions of the predominant and minor ground motion that are prin-
cipal axes. At the same time, it also suggests that it might not be
reasonable to use directly the values measured by a seismograph as the
ground motion at the site because only in rare cases do the directions
of the seismograph agree with these principal axes.

The computed Fourier amplitudes of the parallel and normal velocity
waves are shown in Figs. 21 to 22c for the E1 Centro site and in Figs. 23
to 24¢ for the Taft site. The computations are the same as before
(Table 4); in particular, comparing Fig. 21 with Fig. 12 or Fig. 23 with
Fig. 14, for these curves the shaded part is more clearly defined than
before. The selection of peaks of the parallel components from among
these figures was performed in the same manner as before. The results
are summarized in Table 8 and Table 9 for the E1 Centro and Taft sites,
respectively. The peak of the parallel component corresponds to the Tow
trough of the normal component at almost all the frequencies so that the
component waves can be identified as shear waves or, at least, waves of
shear type. Hence, a coordinate transformation to the normal and parallel
directions to the causative fault Tine rather than to the longitudinal
and transverse directions to the epicenter seems to be more satisfactory
for explaining the characteristics of ground motion at a station site.

ESTIMATION OF SEISMIC SHEAR STRAIN

From the preceding section, it seems reasonabie to assume as a first
approximation that each predominant frequency component in the parallel
direction is a shear wave. In this section, an estimate of the seismic
shear strain in the ground at each site is attempted by applying eq. (11).
First the seismic data shown in Table 2 are simplified as follows: At each
site some equivalent single soil layers are considered with an average
shear wave velocity shown by,

- V. _.H.

si''y
Vsi = ZHi (27)

in which 1 is the stratum number from the surface and Vsi and Hi are the
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shear wave velocity and the thickness of each stratum, respectively. Then
the natural frequency of each equivalent tayer is expressed by

_ 42Hﬁ :

fi Vsi . (28)

The average velocity and frequency calculated for each layer from

eqs. (27) and (28), respectively, are summarized in Table 10 and Table 11.
Five equivalent single Tayers exist at the E1 Centro site and four at the
Taft site. Next, taking these frequencies as representative boundary
values, peak frequency components shown in Table 8 and Table 9 are classi-
fied into several groups. Then, shear strains at each site are calculated
by eq. (11) for each case using the value V; of the adjacent lower frequen-
cy {lower limit of shear strain) and higher frequency (upper 1imit of shear
strain). The results are summarized in Table 12 and Table 13, respectively.
Finally, the average value of shear strain corresponding to each frequency
will change within the range between these lower and upper limits. The
order of these strain levels is estimated as about 10—3 (%) at the EI
Centro site and about 10—4 (%) at the Taft site.

-The above approach provides a basis for the assumption that each
peak seen in Fig. 21 or Fig. 23 corresponds to a single soil layer of some
depth for which the first vibration mode corresponds to the particular
peak frequency. As is generally known, the first mode of a soil layer is
to some extent predominant in the ground motion at a site, Therefore, as
a first approximation this assumption will be an effective method of in-
vestigating the ground motion. It should be kept in mind, however, that
such a method (1) gives the average value through the whole soil deposit;
(2) shows only the discrete Fourier amplitude corresponding to each fre-
quency; and (3) gives no consideration to the higher modes of the ground.
Hence, further studies such as improvement of the method and analysis of
moyre data are necessary to clarify the real shear strain wave induced in
the local part of the ground during earthquakes.

CONCLUSIONS

The conclusions achieved in this work can be divided into the following
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two categories.

(1) The mean square intensity of a single orthogonal component of
ground motion at a site depends on the direction of that component. There
exists a pair of orthogonal axes (principal axes) along which the mean
square intensities of the components of motion have maximum and minimum
values. The parallel and normal directions to the causative fault line
were shown to correspond o such a coordinate system for the two examples
of earthquake and station, i.e., Imperial Valley earthquake (1940) record-
ed at E1 Centro site and Kern County earthquake (1952) recorded at Taft
site. This is consistent with the characteristics of these causative
faults, namely that they (a) s1ip mainly horizontally, and (b) are regard-
ed as nearly straight lines. A more difficult situation will arise in the
case of earthquakes caused by faults with more complicated characteristics.

(2) Provided that the velocity curves are transformed to the coordin-
ate system mentioned above and that the predominant components in the paral-
lel direction are assumed to be of shear wave type, it is possible to
evaluate the seismic shear strain component at each frequency by applying
Fourier analysis and the simple plane wave solution. The order of the
average shear strain'component at each frequency caused by ground shaking
can be estimated at about ]0'3(%) at the E1 Centro site and about 10'4(%)
at the Taft site as a first approximation. It should be noted, however,
that additional detailed study is necessary to determine the shear strain
induced in the ground during an earthquake.
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EL CENTRO 1340.5.18 IMPERIAL VALLEY

o 0R1.-COR,
VEL. TR 0-50 SEC
VEL. L0 0-50 SEC
MAK= 2,230

OF

0

FREQUENCY (HZ)

Fig. 12 Fourier amplitudes of longitudinal and transverse
components relative to the direction from the epicenter -
ET Centro 0 - 50 sec.

EL CENTRQ 1940.5.18 IMPERIAL VALLEY

o ORI.-COR.
VEL. TR 0-10 SEC
VEL. L0 0-10 SEC
MAX=  5.65S

FREGUENCY (HZ)

Fig. 13a Fourier amplitudes of longitudinal and transverse
components relative to the direction from the epicenter -
E1 Centro 0 - 10 sec.
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FOURTER AMPLITURE (KINE)

FOUREER AMPLITUDE (KINE)

EL CENTRO 1940.5.18 IMPERIAL ¥ALLEY

0.0, ORT.-COR.
: VEL. TR 10-30 SEC
: VEL. LO 10-30 SEC
MAX= 5613
8.0
5.
t.
2.
0 .5 1.0 1.5 2.8 2.5 3.0 3.5 4.0 4.5

FREQUENCY (HZ)

Fig. 13b Fourier amplitudes of longitudinal and transverse
components relative to the direction from the epicenter -
E1 Centro 10 - 30 sec.

EL CENTRO 184G.5.18 IMPERIAL VALLEY

ORI.-COR.

. 0r VEL. TR 30-50 SEC

VEL. L0 30-50 SEC
MAK= 2,37

FREQUENCY {HZ]

Fig. 13c Fourier amplitudes of Tongitudinal and transverse
components relative to the direction from the epicenter -
E1 Centro 30 - 50 sec.
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TAET LINCOLN SCHOOL TUNNEL 1852.7.21 KERN COUNTY

2.0 ORI.-COR.
VEL. TR 0-50 SEC
YeEL. LO 0-50 SEC
MAX= 1,38%
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1.aF
!
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FREQUENCY (HZ2}
Fig. 14 Fourier amplitudes of transverse and corrected longitudinal

components relative to the direction from the epicenter -
Taft 0 - 50 sec.

TAFT LINCOLN SCHOOL TUMNEL t952.7.21 KERN COUNTY

o OR1.-COR,
: VEL. TR 0-10 SEC
YVEL. L0 0-10 SEC
MAX= 1.458
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0 .5 1.0 1.5 2.0 Z.5 3.0 3.5 4.0 $.5 5.0
FREQUENCY (HZ)

Fig. 15a Fourier amplitudes of transverse and corrected longitudinal
components relative to the direction from the epicenter -
Taft 0 - 10 sec.
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TAFT LINCOLN SCHOOL TUKNEL 1852.7.21 KERN COUNTY

- ORT.~COR.
O VEL. TR 10-30 SEC
VEL. L0 10-30 SEC
MAX= 1,775
1t
1.0} b
.SJf
0
0

FREQUENCY [HZ)

Fig. 15b Fourier amplitudes of transverse and corrected longitudinal
components relative to the direction from the epicenter -
Taft 10 - 30 sec.

TAFT LINCOLN SCHOOL TUNNEL 1852.7.21 KERN COUNTY

ORI.-COR,
4.0 VEL. TR 30-50 SEC

VEL, LD 30-50 SEC
MAX= 2.818

0 s [ L.s IR 3.5 4.0 ‘.5 G
FREQUENTY (HZ) .

Fig. 15¢ Fourier amplitudes of transverse and corrected Tongitudinal

components retative to the direction from the epicenter -

Taft 30 - 50 sec.
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EL CENTRO 1940.5.18 IMPERIAL VALLEY

100 ORI.-COR,
. YEL. SH 0-50 SEC
VEL) L0 0-50 SEC
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Fig. 21 Fourier amplitudes of parallel and corrected normal components

in the direction of the fault line - E1 Centro 0 - 50 sec.

EL CENTRO 13840.5.18 IMPERTAL VALLEY
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: YEL. SH 0-10 SEC
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Fig. 22a Fourier amplitudes of parallel and corrected normal components

in the direction of the fault Tline - ET Centro 0 - 10 sec.
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EL CENTRO 1940.5.18 IMPERIAL VALLEY

0.0 OR1.-COR,
VEL. SH 10-30 SEC
VEL. CO 10-30 SEC
MAY= 3.419

W g0}

x

w

=

=

E g0l

—

-9

p =4

«<

o

= 4.0

1

b

FREQUENCY (HZ)

Fig. 22b Fourier ampiitudes of parallel and corrected normal components
in the direction of the fault 1ine - E1 Centro 10 - 30 sec.
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Fig. 22¢ Fourier amplitudes of paraliel and corrected normal components
in the direction of the fault line - E1 Centro 30 - 50 sec.
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TAFT LINCOLN SCHOOL TUNMEL 1852.7.21 KERN COUNTY
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Fig. 23 Fourier amplitudes of parallel and corrected normal components
in the direction of the fault Tline - Taft 0 - 50 sec.
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Fig. 24a Fourier amplitudes of parallel and corrected normal components
in the direction of the fault line - Taft 0 - 10 sec.
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TAFT LINCOLN SCHOOL TUNNEL 3952.7.21 KERN COUNTY
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Fig. 24b Fourier amplitudes of parallel and corrected normal components
in the direction of the fault Tine - Taft 10 - 30 sec.

TAFT LINCOLK SCHOOL TUNNEL 1952.7.21 KERN COURTY

0 ORI.-COR.

. YEL. SH 30-50 SEC
VEL. £0 30-50 SEC
HAX=  3.385

FOURTER AMPLITUDE (KINE}
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Fig. 24c Fourier amplitudes of parallel and corrected normal components
in the direction of the fault T1ine - Taft 30 - 50 sec.
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Properties of Earthquakes and Stations

Example 1

Example 2

Name of earthguake

Imperial Valley,
California

Kern County,
California

Date and (local) time

May 18, 1940

July 21, 1952

20:37 PST 4:53 PDT
Epicenter location 32° 44' 00" N 35° 00' 00" N
115° 27" 00" W 1192 02' 00" W
Richter Magnitude 7.1 7.7
Approximate length of
surface faulting (miles) 40 minimum 14

Number and name of

117 E1 Centro, Imperial

095 Taft, Lincoln

station Valley Irrigation District School Tunnel

Station location 32° 47" 43" N 35° 09' 00" N
115 32' 55" W 119° 27° 00" W

Site characteristics AlTuvium, more than 300 m AlTuvium

Structure type/size

2-story bldg.

1-story bldg.

Instrument location(s)

Ground level

Tunnel and roof

L;ntensity near station

Components of instrument SO0E N21E
location S90E SE69E
Modified Mercalli

VII to VIII VII

Preceding page hlahk




36

Table 2 Subsurface Unit Thickness and Seismic Data at Each Station

(After Duke and Leeds, 1962)

Imperial Valley Irrigation District

Thickness Vp Density Y§_ Vs
(feet) (fps) (pef) Yy (fps)
100 522 128 1.0 522
1000 2810 139 1.0 2810
3000 3620 139 1.0 3620
3500 4050 147 1.0 4050
3500 7200 147 1.0 7200
10000 172 1.0 10000

Taft Lincoln School

Thickness Vp Density Y_s_ Vs
(feet) (fps) {pef) Vp (fps)
40 1190 140 0.45 535
160 5000 144 0.48 2399
500 6500 144 0.48 3119
3300 8000 148 0.48 3839
15500 170 0.61 9454
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Table 4 Conditions of Computation and Corresponding Figure Number
Time {sec) 0 -580 0 - 10 10 - 30 30 - 50
N“"(‘g‘i‘” of data 1251 251 501 501
Number used 1in

FETe () 2048 512 512 512
F‘”?a”‘)*“cy interval 0.012 0.049 0.049 0.049
2z
Nyquist frequency 12.5 12.5 12.5 12.5
(Hz) '
E1 Centro site Fig. 12 Fig. 13a Fig. 13b Fig. 13c
Taft site Fig. 14 Fig. 1ha Fig. 15b Fig. 15c

*Remaining parts of data (N-n) are set to

be equal to zero




Table 5 Peak Fourier Amplitude and

Frequency of Transverse Component at E1 Centro Site

39

0 - 50 sec. 0 - 10 sec. 10 - 30 sec. 30 - 50 sec.
0.11 (1.76) - Q.10 (5.61) 0.10 (1.40)
0.18 (2.23) 0.15 (2.83) 1.20 (5.40) .0.20 (2.37)
0.32 (1.37) 0.34 (2.35) ---- 0.34 (1.01)
0.72 (0.95) -—— -—— 0.73 (0.48)
0.84 (0.82) 0.88 (1.68) ———- 0.83 {0.44)
1.17 (0.69) 1.17 (1.55) 1.17 (1.31) ----

Note: Numerals without parentheses are frequency (Hz) and those in

parentheses are peak values of transverse components (kine)

Table 6 Peak Fourier Amplitude and

Frequency of Transverse Component at Taft Site

0 - 50 sec. 0 - 10 sec. 10 - 30 sec. 30 - 50 sec.
0.09 (1.00) 0.10 (0.97) 0.10 {(1.78) ———-
0.17 (0.99) —--- —--- 0.20 (2.72)
0.26 (0.76) 0.24 (1.22) 0.24 {0.88) ———-
0.35 (0.52) -—-- 0.34 (1.00) R
0.45 (0.39) 0.44 (0.83) -——-- ———
0.60 (0.47) ———- 0.59 (0.60) 0.59 (0.71)
0.72 (0.41) 0.73 (1.03) 0.78 (0.78) -

1.17 (0.42) 1.07 (1.04) 1.17 (0.77) ———

1.37 (0.40) meme 1.37 (1.04) ——--

Note: Numerals without parentheses are frequency (Hz) and those in
parentheses are peak values of transverse components (kine)
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Table 8 Peak Fourier Amplitude and

Frequency of Parallel Component at E1 Centro Site

41

0 - 50 sec 0 - 10 sec. 10 - 30 sec. 30 - 50 sec.
0.07 (1.43) -—-- ——-- 0.10 (2.43)
0.18 (1.42) 0.20 (4.78) 0.24 (1.94) 0.24 (0.74)
0.37 (1.78) 0.34 (5.96) - 0.34 (0.61)
0.45 (1.33) 0.49 (3.97) 0.44 (1.79) -
0.81 (0.87) 0.83 (2.24) 0.88 (1.68) 0.88 (0.48)
1.16 (0.83) 1.17 (2.30) 1.17 (1.445 ————
1.47 (0.69) 1.47 (1.70) 1.47 (1.28) -
1.54 (0.52) 1.61 (1.09) 1.61 (1.10) -——--
1.76 (0.52) 1.76 (1.60) — R
1.83 (0.50) 1.90 (1.33) 1.81 (0.83) ——--

Note: Numerals without parentheses are frequency (Hz) and those in

parentheses are peak values of parallel components (kine)

Table 9 Peak Fourier Amplitude and
Frequency of Parallel Component at Taft Site

0 - 50 sec. 0 - 10 sec. 10 - 30 sec. 30 - 50 sec.
0.11 (1.44) 0.10 (1.42) 0.10 (1.91) 0.15 (3.39)
0.26 (0.97) 0.24 (1.90) 0.24 (1.46) -
0.31 (0.88) — —--- 0.29 (1.60)
0.45 (0.58) 0.39 (1.40) 0.44 (1.03) 0.49 (0.95)
0.60 (0.70) 0.59 (1.90) — 0.64 (0.84)
0.73 (0.45) 0.73 (1.01) 0.73 (0.73) 0.78 (0.64)
1.14 (0.47) 1.12 (1.25) 1.07 (0.65) -
1.54 (0.40) 1,51 (0.78) _-- .

Note: Mumerals without parentheses are frequency (Hz) and those in

parentheses are peak values of parallel components (kine)
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Table 10 Simplified Seismic Data at E1 Centro Site

Case Depth (ft) Vo (fps) f (Hz)
1 100 522 1.3&
2 1100 2602 0.59
3 4100 3347 - 0.20
4 7600 3671 0.12
5 11100 4784 0.11

Table 11 Simplified Seismic Data at Taft Site

Case Depth (ft) Vs (fps) f (Hz)
1 40 535 3.34
2 200 2026 2.53
3 700 2807 1.00
4 4000 3658 0.23
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Table 12 Estimated Lower and Upper Limit of Shear Strain at E1 Centro Site

Fourier Amplitude

Shear Strain x10'3 (%)

f (Hz) Amp (kine) F (Hz) Lower Limit | ¥ (Hz) Upper Limit
0.07 1.43 -- -- 0.11 0.98
0.18 1.42 0.12 1.27 0.20 1.40
0.37 1.78 0.20 1.75 0.59 2.25
0.45 1.33 0.20 1.31 0.59 1.68
0.81 0.87 0.59 1.10 1.31 5.48
1.16 0.83 0.59 1.05 1.31 5.23
1.47 0.69 1.31 4.35 - --
1.54 0.52 1.31 3.28 -- --
1.76 0.52 1.31 3.28 -- --
1.83 0.50 1.31 3.15 -- --

Table 13 Estimated Lower and Upper Limit of Shear Strain at Taft

Site

Fourier Amplitude

Shear Strain ><1O'4 (%)

f (Hz) Amp (kine) f (Hz) Lower Limit T (Hz) Upper Limit
0.11 1.44 -- -- 0.23 12.95
0.26 0.97 0.23 8.72 1.00 11.37
0.31 0.88 0.23 7.9 1.00 10.31
0.45 0.58 0.23 5.22 1.00 6.80
0.60 0.70 0.23 6.29 1.00 8.20
0.73 0.45 0.23 4.05 1.00 5,27
1.14 0.47 1.00 5.51 2.53 7.63
1.54 0.40 1.00 4,69 2.53 6.49







10.

11.

45
REFERENCES

Ohsaki, Y., "The Effects of Local Soil Conditions upon Earthquake
Damage," Soil Dynamics, Proc. of Specialty Session 2, 7th ICSMFE,
Mexico, 1969

Seed, H. B., "The Influence of Local Soil Conditions on Earthquake
Damage," Soil Dynamics, Proc. of Specialty Session 2, 7th ICSMFE,
Mexico, 1969

Hardin, B. 0. and Drnevich, V. P., "Shéar Modulus and Damping in
Soils, I - Measurement and Parameter Effects," Technical Report
UKY 26-70-CE2, University of Kentucky, 1970

Hardin, B. 0. and Drnevich, V. P., "Shear Modulus and Damping in
Soils, II - Design Equations and Curves," Technical Report
UKY 27-70-CE3, University of Kentucky, 1970

Richart, F. E., Jr., Hall, J. R., Jr., and Woods, R. D., "Vibrations
of Soils and Foundations.," Prentice-Hall, 1970

Seed, H. B. and Idriss, I. M., "Soil Moduli and Damping Factors for
Dynamic Response Analyses," Report No. EERC 70-10, Earthquake
Engineering Research Center, University of California, Berkeley,
California, 1970

Seed, H. B., Ugas, C. and Lysmer, J., "Site-Dependent Spectra for
Earthquake-Resistant Design," Report No. EERC 74-12, Earthquake
Engineering Research Center, University of California, Berkeley,
California, 1974

Seed, H. B., Whitman, R. V., Dezfulian, H., Dorby, R. and Idriss,
1. M., "Relationships between Soil Conditions and Building Damage
in the 1967 Caracas Earthquake," Journal of the Soil Mechanics and
Foundations Division, ASCE, 1972

California Institute of Technology, Earthquake Engineering Research
Laboratory, "Strong Motion Earthquake Accelerograms, Digitized and
Plotted Data," Volume I - Uncorrected Accelerograms, Part A,

Report of Earthquake Engineering Research Laboratory, EERL 70-20,
California Institute of Technology, Pasadena, California, 1969

Trifunac, M. D., "Low Frequency Digitization Errors and a New

Method for Zero Base-Line Correction of Strong-Motion Accelerograms,”
Report of Earthquake Engineering Research Laboratory, EERL 70-07,
California Institute of Technology, Pasadena, California, 1970

Trifunac, M. D., Udwadia, F. E. and Brady, A. G., "High Frequency

Errors and Instrument Corrections of Strong-Motion Accelerograms,"
Report of Earthquake Engineering Research Laboratory, EERL 71-05,

California Institute of Technology, Pasadena, California, 1971

Preceding page blank



46

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

California Institute of Technology, Earthquake Engineering Research
Laboratory, "Strong Motion Earthquake Accelerograms, Digitized and
Plotted Data," Volume II - Corrected Accelerograms and Integrated
Ground Velocity and Displacement Curves, Part A, Report of Earth-
quake Engineering Research Laboratory, EERL 71-50, California Insti-
tute of Technology, Pasadena, California, 1971

Hudson, D. E., Preface to the Series in "Strong-Motion Earthquake
Accelerograms Digitized and Plotted Data," Volume II - Corrected
Accelerograms and Integrated Ground Velgcity and Displacement

Curves, Part A, Report of Earthquake Engineering Research Laboratory,
EERL 71-50, California Institute of Technology, Pasadena,

California, 1971

Duke, C. M. and Leeds, D. J., "Site Characteristics of Southern
California Strong-Motion Earthquake Stations," Report No. 62-55,
Department of Engineering, University of California, Los Angeles,
California, November 1962

Hansen, W. R., Weiss, R. B., Idriss, I. M, and Cluff, L. S.,
"Geotechnical Data Compilations for Selected Strong-Motion Seismo-
graph Sites in California," prepared for National Oceanic and At-
mospheric Administration, Woodward-Lundgren & Associates, Consult-
ing Engineers and Geologists, Oakland, California, December 1973

United States Department of the Interior, Geological Survey, "Strong-
Motion Accelerograph Station List - 1975," Open File Report No.
76-79, March 1976

State of California, The Resources Agency. Department of Conservation,
"Geologic Map of California, San Diego - E1 Centro Sheet," Compila-~
tion by R. G. Strand, 1962, Second Printing, 1973

State of California, The Resources Agency, Department of Conservation,
"Geologic Map of California, Bakersfield Sheet,” Compilation by
A. R. Smith, 1964

Richter, C. F., "Elementary Seismology," W. H. Freeman and Company,
1958

Bonitla, M. G., "Surface Faulting and Related Effects,” in "Earth-
quake Engineering," edited by R. L. Wiegel, Chapter 3, Prentice-
Hall, 1870

Coffman, J. L. and von Hake, C. A., "Earthquake History of the
United States," Publication 41-1, Revised Edition, U.S. Department
of Commerce, National Oceanic and Atmospheric Administration, 1973

Cooley, J. W. and Tukey, J. W., "An Algorithm for the Machine Calcu-
lation of Complex Fourier Series," Mathematics of Computation,
Vol. 19, No. 90, pp. 297-301, The American Mathematical Society, 1965



23.

47

Kubo, T. and Penzien, J., "Time and Frequency Domain Analyses of
Three Dimensional Ground Motions, San Fernando Earthquake," Report
No. EERC 76-6, Earthquake Engineering Research Center, University
of California, Berkeley, California, 1976






APPENDIX

Computer Program Listings

Preceding page blank

49



50

oOoOOaaoOOoo00o0a0n

PROGRAM CORINCINPUT.OUTPUT, TAPEL, TAPES ® [NPUT. TAPES sOUTPUT . PUNCH)

COMMON ~DATAMAX(23081,2) XD (2508, 2) . XMRX (2,2}
COMMON ~N1I/NAME(S)

CORRECTION OF QRIGINARL TWO HORIZONTAL DIRECTION DATA INTD
LONG]TUDINAL AND TRANSEYERSE COMPUNENTS TOWRRD THE EPICENTER

INPUT DATA
NAME « NAME OF EARTHOURKE
TT = DURATION (SEC) AND TT.LE.SB.9
TETR = ANGLE OF N TO L OR E TO T

+=CLOCKWISE, -=COUNTERCLOCKWISE

INDL = NE.8 IF PRINT OUT PATR ARE NELESSARY
IND2 = NE.B IF PUNCH QUT BATR ARE MNECESSARY
IND3 « NE.B IF PLOT OQUT DATA ARE NECESSARY

u

CAUTION - ORIGIMAL DATA SHQULD BE RS A RIGHTHAMD SYSTEM.I.E..
IF ¥ SIDE 18 POSITIVE. £ SIDE SHOULD BE POSITIVE.
IF S SIDE I8 POSITIVE, W SIDE SHOULD BE POSITIVE.

READ(S.48) NAME
READ(S.188) TT

READ(S, 194) TETA
READ(S.181) INDI1.INDZ. IND3
NA=IF IX(TT/8.82)+1

NV=NA 2+1

CALL SETFXB(SLTAPE!.2589.188)
CALL INPUT CHA)

TETA =TETR »0.0174533
XMAX1=8.9

XMAX2=p.8

X1=COS(TETR)

K2=5 INCTETA)

DO 221 K=1.NR

HHeHLKL 1)

X=Xk, 2)

JICE RN ] N

XK2 =X YRR =00 K2

XMAX1 =AMARXD (XMAX 1. ABS(XK1))
ARXZ=AHART (XMRXZ ABS (XKZ))
RO, 1) =XK1

991 XK. Z) =2

WRXL1, 13 =XMAX]
XHAXL 1, 20 =XMAKE

AR =0.8 .
MAX2=8.8

DO 582 K=1.NV

XeD=XDIKL 12

XKrD=xD(K.2)

FK T =XDR L +XYDRN2
XK2=RYDoiex | - XX D#R2

XX =AMAX T (XX, PESOXK D)
XMEXZ sAMAX L {XMAX2, ABS{XKZ) )
XD, 1) =XK )

S32 XD(K.2) =xKZ

XIRK (2. 1) «XRX ]

FKPAX (2. 2) =XMAK2

IFCINDL.EQ.O) GO TO 1@

CALL PRINP(TETA.NA.NY)
18 IFCINDZ2.EQ.2) GO TO 29

CRLL PUINF(NR.NY)

29 IFCIND3.EQ.8) GO TO 38
33 CONTINUE
STOP

48 FORMAT(SA1@:

199 FORMAT(ZF19.3)
181 FORMAT(3IIN

END

SUBROUTINE JHPUT(NAY

DIMENSION CORTIL(258).ICOR(1BAY . FCORC 102}, IX(5098.2),
Xppe1238.2)

COMMON /DRTAN/X(2581.2) - XD{(2582.2) . XMAX(2.2)

DO Jve 11=1.2

119 READ(1.S@> CORTIL

IF(EQF. 1) 11@.9
9 READC1.€8) ICOR
NDATA=I1COR(SZ)
NDATY=ICOR(E4)
NDATD=1COR(AE)
READCL.783 FCOR
READ(1.885 (IX(K,113.K=1.NDATA)
READCL. 885 (XD(K. 113.K=1.NDATYY
READC1.805 (XDDCK. I1).K=1.NBATD)
DO 8309 K=1.HA
WKL D =FLOATCINCK. T )2, t

268 CONTINUE
988 CONTINUE

RETURN

58 FORMAT(18A18)

€0 FORMATCIRTIA)

78 FORMATC(18F18.5)

&8 FORMATCIBF18.3)
END

SUBROUTINE PRINP(TETA.NA.NVY

COMMON ~/DATAN/X(2581.2) XD (2508, 23, XMAX(2. 2)
COMMON ~N11-/NAME ()

DO 509 Il=1.2

B
=]
Sm
&
w
N
151

3
WRITE(5,53)
WRITE(E.54) WMAX(L. 113, TETR.HA
WRITE (B.53) (X(K.I13.K=1,NR)
WRITE(6.51) NRME
G0 T3(4,5).11
WRITE(5.52)
G TO 6
WRITE(6.53%
WRITE(E.S6) AMAX(2, 11D, TETA.NY
WRITE(E.87) (XDCK: 11D K=l N
989 CONTINUE

RETURN

51 FORMRT(IH1.2X.8#18)
52 FURMATCIH L 2X. 22HLONGITUD INAL COMPONENT)
53 FORMATCLH ,2%. 28HTRANSVERSE COMPOHENT)

b [Z N

U

54 FORMAT(1HB, 80X, 9HACC ., MAX=.F18.4/1H ,80X,SHTETA=,.F14.4/

1 1H .88X.3HNA=, {16/ [H 98X, 14HDT= .22 (SEC)/
2 1H .B8X. l4HFNT= (1OF 1.1
85 FORMAT(IK .IRFIG. 1)

56 FORMAT(IHD.BOX. IHVEL., MAXw.F1@.471H ,89X.SHTETA=.Fl4.4~

1 1H ,E80X.3MNV=, 116/1H .B8X. 14HDT~ 8.Bd4 (SEC}/
2 14 ,88X. 14HFNT= (1BF10.3))
37 ES§HQT(1H L 18F18.3)

SUBROUTINE PUTINP (NA,NV)
COMMIN /DATAN-X(2881,2) . XD (2598. 2} . XMAX(2. 22
COMMON /NT1/NAME(B)
0 818 11=1,2
PUNCH 71.NAME
GO TOC1.2),11
PUNCH 72
GO T0 2
2 PUNCH 73
3 PUNCH 74, XMAXCL, TT)
PUNCH 77.NR
PUNCH 75, (X(K. 111, K=1.NAD
PUMNCH 71.NAME
G0 704,53, 11
4 PUNCH 72
G0 70 &
5 PUNCH 73
€ PUNCH 74.XMAX(Z, 112
PUNCH 78,NY
PUNCH 76, (DK, T1).KnLLHY)
918 CONTINUE N
RETURN
71 FORMART(BAIM)
72 FORMAT{ISHLONGITUD INARL LOMP,)
72 FORMAT(IGHTRANSVERSE COMP.)
74 FORMAT(F18.4)
75 FORMAT(10F7. 1)
76 FORMAT(IBF?.3)
77 FORMAT(15-44M8.B2/BH(1BF7. 13D
78 FORMAT(IS/dHR.B4/BH(18F7.3))
END

—

€1 CENTRO 1946.5.18 IMPERIAL VALLEY
33.9

54.5
131
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PROGRAM RUNF 1 CINPUT, QUTPUT, TRPES=INPUT, TRPES=0UTPUT, PUNCH)
INPUT DATA
NG ~ NUMBER OF DIVIDED INTERVALS

NAMI =~ NAME DF EACH INTERVAL
NMIl.NNI- STEP NUMBER OF START AMD END OF EACH INTERVAL
NAME - NAME OF STATION AND EARTHOUAKE
~ TOTAL NUMBER OF EARTHOUAKE DATA
LT - TIME INTERVAL GF DATA (SEC)
FriT - FORMAT OF DATA

XD - EARTHRURKE DATA
PUNCHED CARDS B PROGRAM (LORIN) CAM BE USED AS NAME TO XD
DIRECTLY.

DIMENS ION MAMEC 8).NAMI2) . NAMIC2,. 83 . NNT(5) L N11(53
DIMENSIOH X251, RDCI25 13, XX(2501 ), XX (2881)

COMPLEX Cr4RS6)

READ(S. 12} NG

FORMAT(ZIS)

0 21 I=1.NG

READ(S.19) (NRMIWJ. I).J=1.20

KEAD(S, 12) NITCIX.NNICD)

CONTINUE

READ(S. 1) MNAME

FORMAT(BA LGS

READ(S.11) NELDT.FMT

FORMAT(/715-F18.8-418)

READ(SLFMT) (XD(K),.K=1.NE}

DO 1888 1!=1,NG

Ni=M1ICII)

NN=MHTCTTY=N1+1

D0 22 je=1.2

NGO =NAMTCT, T

WRIFE(5.31) NAME

FORMAT(LH1. 2X.8A10)

WRITE(6.82) NAM.NI.NN.BT

FORMATOIH L 70X, 2A18/1HB. 20X, 3HN1 =, 15/1H L 28X, 3HNN=. 15/

1 1H .edX.3HDT=.F8.2.6H (SECI/

M=S12
IF (NN,
IF (NN,

GT.N) M»1024
GT.NJ Ns2ZR4g

IF(NN.GT.N) N=4B96

IF(NN.LE.NY GO TO 281

IQ 2089 K=i.N

JaN1+K-1

CKY =CMPLX(XD(]). 8.8}

GO TO 294

DO 282 K=1.HN

J=NIHK=1

TR =CMPLXIXD ()Y . 0.8)

NE 2NN+

DO 203 KsNE.N

C(K)=CMPLX(8.2.9.0)

CALL FAST(N.C.4996.-1)

AN=FLOAT(N)

D0 289 w=1.N

LK =CLK) #AN

MN2=MNs2

DO 285 K=i.N2

RC=C{K)

PC=C(KI*{D.8,~1.8)

MHIKI=CABSLE (K 12,8

X (K =ATAN(PCRC)

URITE{(E.88) CU11.X401) .41

FORMAT (7R, 1HK. 3%. SHF (H2) , 2%, BHT(SELY, 11X, dHC (K3 . B8X,
111HAMP (CM/SEC) - 1X SHPHAT(RADI#1H .6X,
21M1.3%.3H0. 9, 5X. 3H-—-. 4%, 2F 18, 4. 2X. 2F 18, 4,E£15.5.F11.5)
DR =i,/ (DT*RH)

F=8.8
L0 286 K=2.N2

F=F+DF

TE=1./F

WRITE(E,31) K.F.TF.C(K) . XK » XX (KD
FORMAT(IN .17.2FB.,3.2%.2F10.4.2X.2F18.4)
CONTINCE

PUNCH 30@,NAME
FORMAT (8AR1G)
FUNCH 382, NRM
FORMAT(2A1R)
PUNCH 281, {(XX(K).K=]
FORMAT(1EF7.4)
PUNCH 391, OOXIKY  K=1.N2)

CALL SPAR(NAME,HMZ,XX,2581.Df - 108. 9. NAM
CDNTINUE

STOP
END

N2
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SUBROUTINE FOR FAST FOURIER TRANSFORM
FRRH08

118
128

133
142

15

«

168
1rg

SUBROUTINE FASTCM.X.ND, IND}

CODED BY Y. OHSAK!
PURPOSE
TO PERFORM FAST FOURIER OR INVERSE FOURTIER TRANSFORM FOR
A SERIES OF EOUI-SPACED DATA

LSAGE
CALL FRSTIN.X-ND. IND)

DESCRIFT]UH QF PRRAMETERS

- TOTAL NUMBER OF COMPLEX DATR AND TRANSFURMED YRLUES

X(ND) - EQUI-SPRCED COMPLEX DATA-TRANSFURMED VALUES AT
CALL-RETURN

ND -~ DIMENSION OF X IN CALLING PROGRAM
1HD - IND=-1 FOR FOURIER TRANSFURM
+I FOR INVERSE FOURIER TRANSFORM
REMARKS

(1) N MUST BE EQUAL TO POWERS OF 2

(2) WHEN IND==1, TRANSFORFIED VALUES ARE MULTIPLIED BY N
(3) EXAMPLE OF CALLING

COMPLEX  A(1824)

DIMENSI1ON DATA(1024)

DeTa NN/ 1824

0 1 M=lLNN

RLMY=CMPLACDATANM) 9.9}

CONTINUE

CALL FRST(MM.A.1824,-1)

REFERENCE

N,M.BRENNER, THREE FORTRAM FROGRAMS THAT PERFORM THE COOLEY

-TUKEY FOURIER TRANSFORM ~ MIT JULY 1367
SUBROUTINES AND FUNCTION SUBPROGRAM: REQUIRED
NONE

TOMPLEX A (NDy, TEMP, THETR

J=1

DO 148 1=1.M
IFCTLGELY GO TO (1B
TEMP=X(J)

KTy =X 1)

XL =TEMP

M=Ns2

(FCILE.M GO TO 128
J=J-M

et

IF(M.GE.2) GC TC 128
J=J+M

CONT INUE

KMAX=1

IF(KMAX,GE.N) RETURN
1STEP =KMaX+2

0 179 ¥=1.KMA
THE;Q!Ci?Lh(a B 3 141993%FLOATLINDR(X~1)) AFLOAT(KMAX) ¥
DO (6@ I=K.N.ISTE
J=[+KMRR
TEMP=R(JY#CEXP ( THETR)
XEy =X 1) =TEMF
RE1yaXC[Y+TEMP
CONTINUE

CONTINUE

KMf«=ISTEP

GO TQ iS58

END
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SUBROUTINE FOR PRINT OF SPECTRA AND AUTOCORRELATION

11

L)

122
13¢

142

158

168

172
188

192
289

218

SUBRDUT INE SPAR (NAME .M. Y. ND. DX, IND. IAXIS. NAM}

CODED BY Y. OHSAKI

PURFOSE
T0 PRINT ON LINE-PRINTER APPROXIMATE SHAPE OF FOURIER. POLER
SPELTRA DR AUTOCORRELATION

USAGE
CRALL SPARC(MNAME.N.Y.ND. DX, IND. IAXIS)

DESCRIPTION UF PRRAMETERS
NAMZ!{ 8) - HRME OF DRTA

N -~ JOTAL MUMBER OF SPECTRAL YRLUES OR AUTOCORRELATION
COEFFICIENTS

YIND) ~ SPECTRAL YALUES OR AUTOCORRELATION COEFFICTENTS

ND - DIMENSION OF ¥ IN CALLING PROGRAM

rid - FREQUENCY INCREMENT [N CYCLES,SEC IN FOURIER OR
PQUER SPECTRUM, OR LAG INCREMENT IN SEC IN AUTOCOR-
RELATION

IND - 188 FOR PRINT OFf FOURIER SPECTRUM

819 FOR FRINT OF POWER SPECTRUM
201 FOR PRINT OF AUTQCORRELATION
1AX1S - IF 8, VERTICAL SCALE IS NEWLY DEFINED
IF 1. YERTICAL SCALE IN PREVIOUS CRLL IS RETRINED

REMARKS
€1) AUTOCORRELATION MUST HRVE BEEN NORMBLIZED IN TERMS OF MEAN
SOUARED YALUE COF DATA
(2) FOR IND=203 (RUTOCORRELRTION] . IRXIS HAS RO MEANING

SUESUETINES AHD FUNCTION SUBPRUGRAMS REGLRED
NON

DIMENSION NRME{ 8).YI(ND)

DIMENSION NAM(Z)

DIMENSION Le181),8MAX(4).ETER(4) LSTEP (4) . EMTL3) , FMTI{E) . NUMCG)
DRTA SHAX/2.,4.,5.., 1./, 8TEP/. 5, 1., 1.,2. /.LSTEP/ 18, 16.8.8/

DATA FMT3 4H. 1) L dH,2) .4H.3) .4M.4) L4H.5) .aH.8)
DATA HUMAtH1. 1H2, TH2. 1Hd, 1HS, 1HS. THP . 1K, THOY
HERD [85

WRITE(£.6Q1) NAME
WR[TE(S,7RE) NaM
IF(IND.EQ.129) WRITE(6.,582)
IF(IND.EQ@.91®) WRITE(6.883)
IF{IND.EQ.BG1) WRITE(R,604)
IFCIND.EQ.981) G0 TO 148

1.N
RN =AMAKT CYMAR, YK )
CONTINUE
WRITE(6.,803) YMAX

VERTICAL SUALE

IF(IAXIS.EQ. 1) GU TO 188

Ma IF IXCALOGEE CYPMAR) )
IF(ALOGE(YMAXY \LT.8.8) Mati-1
DO 129 J=1.4

IF (YMAX~19.84%M. LE  SMAX(TY) GO 7O 138
CONT INUE

SMAXT =8HAR(J) k13, gHoktt
STEPJ=STER (J)* 18, 8%
LSTERJ=LSTER(JD

[F{M.GT.8) FHT(3) =4H, 1)
IFM.LE. @) FMT(3) =FHT3 (11D
LINEG=4]

mMAX=10.8

GO 10 152

SHAXI=1.9

STEPS=A.5

LSTEPJ=1R

FMT(3) =al. 1)

LINEQ=21

XMRX=5.8

FMT{ 1} =dHC [H+

FrT{2) =4H.F13

PRINT

NSTEP =MAX1 {XMAX- DX/ 100, 2+2.0881, 1.2)
IF{IND.EQ.BA1) GO TC 188
IFCIAKIS.EG.0) COR=42 . A/SMAXT

DO 178 K=1.N.NSTEP

YUK =Y (KIHCOR

CONTINUE

GO TQ 223

DO 199 Kal.N.NSTEP
YKY=(Y(K)+1.8)%20.0

CONTIHUE

SCRLE =SMAXT

DO 259 LINE=1.41

LCLY=IHT -

LlatH

IF(LINE, EU LINER) LI=1H~

DO 212 1=2.1231

L{I)=L1

CENTINUE

BU=FLOAT(41~LINE) +8.5
BLaFLOAT(41-LINE}-8.5

D0 228 K=1.M.NSTEP
IF(FLOAT(R-15#DX.GT.XMAXY GO TR 2323
1F(Y{KY LGELBULIR.Y(K) LT .BL) GO TO 228
LL=1F IXCFLOAT (K= 13 %DM KMAX¥ 180, 849, 5) +1
LCLL) =1H=

[aXuinl

ieluind

228
228

248
258

268

276
260

CONTINUE

LRITE(E, E85)

1F (MODCLINE.LSTERJI.NE. 1) GO TO 242
LRITECS.FMT) SCALE
SCALE=SCALE-STERS

WRITECE,E87) L

CONTIHUE

HORIZONTAL SCALE

1L{1)=1HA

DO 268 1=2.181

L(I3=1H

COMT INUE

Do 278 I=1.9

INUM=IF 1X{189, 0/ :MAX k] +1
IF(IMUMGET. 1810 GO 10 289

L ¢ INUM) =HUMC 1)

CONT INUE

LRITECS.628) L

IF CIND.NE.BB1) LRITEXS.E89)
IFCIND.EQ.B21) WLRITEC(S.61A)
RETURM

FORMAT STATEMENTS

FORMAT(IHE. 18X, B8R 1B

FORMATCIHA. 12X, 22H~~ FOURIER SPECTRUM --)
FORMAT( 1HB, 123, 28H-- POWER SPECTRUM -~}
FORMATC 1HA, £2X, 21H-- AUTOCORRELATION ---1HA/)
FURMAT ( 1HB. 99X, 4HMAX, . F13.5/7

FORMATCIH )

FORPAT(1H+. 14X, ID1R1}

5 FORMA'T 1M, Lo, 19148577

FORMAT ( 1HB, 57X, ISHFREQUENCY (CPS))
FORMAT( 1HAL 58X, 1ZHTIME LAG(SED))
FORMATL 1H+, 8BX. 2R 185

=31
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193
182

2l
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39
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PROGRAM CORFA(INPUT.OUTPUT, TAPES=INPUT. TAPES=CUTPUT, TAPESS)
INPUT DRTA

BT - TIME INTERVAL OF EARTHQUAKE DATH

FrAX = MAXIMUM FREQUENEY ON FIGURE OF FOURIER SPECTRUM
NG - NUMBER OF DIVIDED INTERVALS

MNF = NUMBER 0OF NP

NP =~ 1-2 FOR NS~EW. LO-TR OR CO-SH

2-3 FOR EW-COR. NS, TR-COR. LO OR SH-COR, CO
t-4 FOR NS-COR. EW. LO-COR. TR OR CB-COR, SH
N - NUMBER OF COMPLEX FQURIER FREGUENEIES
YHAL - DIVY- MAX, VALUE AND NUMDER OF EQUAL DIVISIONS ON OGRDINATE

HAME = NAME OF STATION AND EARTHOQUAKE
HAM ~ NAME OF ERCH DIVIDED INTERVAL
AMP — FOURIER QMPLITUDE

PHR I — PHRSE DIFFERENCE

FrAx CAN BE SELECTED ARBITRARILY.

;UQCH$€YCQRDS BY PROGRAM (RUNF1) CAN BE USED AS NAME TO PHA!
IRECTLY.
AMP(K, 1) = QRIGINAL FOURIER AMPLITUDE NS OR LO
AMP(K,2) = ORIGINAL FOURIER AMPLITUDE Fld OR TR
AMP(K.3) = CORRECTED FOURIER AMPLITUDE NS OR LO
AMP(K.,4) = CORRECTED FOURIER AMPLITUBE EW OR TR

DIMEMSICN MOMEC 3.2).NAMC2.2) . &P{2R48. 43 .PHAT (2345, 4)

DIMENSION NAMIC BY.MAr2(2)

DIMEMSION  X(20848).Y(2848) - BIVY (). YMRL(S) NP2, D)

DIMENSION SPECS(3ID)

READ(S, 1225 DT

READ(S. 182) FIMARX

READ (Y. 1683 WG

READ(S. 188 NF

PO 1 J=1.NF

READ(S, 183) (NPCJ.1).Ja1.2)

FORMAT(BIS)

XFRM=1.5

DG 999 11«1.NG

READ(S. 188) N

READ(S. 182) YMALLIDILDIVY(ID)

N2=N-"2

AN=FLORT(N)

00 18 I~1.2

REAB(S, 1813 (NAMECS. 1) .Je1.8)

FORMAT (8A18)

READ(S. 1335 (NAMCJ.1),J=1.2)

FORMAT{ZRIE)

FORMAT(IBEZ B3

READ(S, 182) (AMP(K. I12.K=1.N2}

READ(S. 1823 (PHATK, 1) .Kw1, N2}

COMT INUE

BO 28 K=1.N2

AMP 1 =RMP (K. 13

AMP2=RMP (K. 23

PHAT=PHRT(K. 1)

PHRI2=PHAI(K.2)

Pl=PHARI1-PHAIZ

P2=PHAIZ2-PHATI

AMP3=AMP14L05(P 1Y

A PA=AMPZXL0S(P2)

PHAT(X.3) =AMP3-AMP1

PHAI (K. ) =&tP4 aMP2

AMP (K. 3D =AMP3

AMP LK. 4) =AMP4

CONTIMUE

MFRM=FRM+44, 8xFLOAT(II-10

DQ 99@ JI=1.NF

SPECSL 1Y=XFRM

SPECS( 2)=3.8

SPECSC 7)=18.8

SPECS{ §)=3.¢

SPECS( 31=18.9

SPECSLIgY= DIVY(ID)

SPECS{113=1.

SPEC3(12)=33,

CALL AXLILIC(SPECS)

SPECSY( 3)=FMRX

SPECS( 41=8.8

SPECS{17)=8.12

SPECS{18)=8.1i8

SPECS(18)=6.8

SPECS(21)=1.8

SPECS(24)=0.68

SPECL(28)=1.8

CALL NODLIB(SPECS)

SPECSC SI=YPRLCIDD

SPECS{ 61=A.0

SPECS{28)=2.9

SPECS(261%@.8

CALt MODLIL(SPECS)

CALL TITLEB(14HFREQUEMCY (HZ).SPECS)

CALL TITLEL C17HFOURIER AMPLITUDE.SPECS)

DF ey, /CDTHAND

F=8.9

DO 33 Kel.N2

XKy =F

FaF+DF

[FIF.GT.FMAXY G0 TO 31

CONTINUE

NEND=K-1

SPECS{ 12 =FLORT(NENDD

YMA%=€ .8

D0 58 JeI.2

NPJ=NP (.. JJ)

DO 4% K={.NEND

YK=ASS (AMP{K. NP

YHAX=aMAX T (YTHAX. Y

58

5

41
42

3

NE

53
54

53

YK =7K

IF(J.EQ.2) SPECS(11)=2.
SPELS (L4 =1.0

SPELSC(i5)=1.8

CAtl SLLILT{X.Y.SPECS)
COMTINUE

SPECSCI{aal.

SPECS(22) = XFRM+HA. 1
SPECS(Z23)= 8.5

DO 51 J=1.7

HAMLICS) =HAME (] - 1)

FULE=].

NAM1(S) =0

CALL TITLEG(RULE.NAMI.SPECS)
SPECS(22) =;FRM#7 .S
SPECE(23)=8.8

NP2=NP(2.JJ%

IF(NP2.GT.23 GO TO 41

CALL TITLEG(RULE.SHORI.~OREt..SPECS)
GO TO 42

LALL TITLESCRULE.GHORI.-COR. .SPECS)
COMTINUE

DO 54 I=t.2

INF=1

JNF=2-141

JE~MOD (NP (1L JT). 22
IFCIF.EZ.B) [NF=JNF

DE 52 J=1.2

NAM2 (T) =HAMCJ, INF)
SPECS(23)=7.8

IFCI.NE.2) GO TO 53
SPECS(23)=7,6

SPECS(11) =2,

CALL TITLEG(RULE.NAMZ. SPECS)
TOHTINUE

SPECSCIiY=1.

SPECS{Z3)=7.4

CALL TITLEG(RULE.dHMAX=.SPECS)
SPECSI22) =XFRM4E.2
SPECS(28)=3.8

CARLL DECYAL (RULE. YMAX. SPECS)
HFRM=XFRM+14,8

o CONTINUE

CONTINLE
CALL GDSEND(SPECS)
STOP

EMD
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PROGRAM PLAVE (INPUT.QUTPUT. TAPES=INPUT, TAPES =OUTPUT. TAPESS)

INPUT DATA
108 - =1 CASE OF COORDINATE TRANSFORMATION TO cau GRLILI{GXS, WT1.YT1.6)
LONGITUDINAL AHD TRANSVERSE DIRECTION TOLMRD =5.
EPICENTER 5“?3'6 12
=2 CASE OF COORDINATE TRANSFORMATION TO £¢181-0.13
NORMAL AND PARALLEL DIRECTION TO FAULT LINE si1%)-2.0
NAME - NAME OF STATION #MND EARTHOUAKE S(20)=0.8
xmxu 1= MAXTMUM VALUE OF ACCELERATION (GAL) S@21y=1.
- TOTAL NUMBER OF X $(24)-3.9
x ~ ACCELERATION DATA §{28)=1.
XAXC2.T13- MAXIMUM VALUE OF VELOGITY (KINE) CALL NODLTB(S)
NV - TOTAL MUMBER OF XD RULE=1.
o X - VELOCITY DRTR ggg; «fgz;&ghs
UHCHED ARDS BY PR mes
paNg  CARDS OGRAM (CORIN) CAN 9E USED RS NAME TO XP D T R e s iseCy. 51
T1CI-LONG ITUDINAL DATR, <2 TRANSVERSE DATA Siimez.
111=1-ACC. DATR. =2-VEL. LATA Si26)=0.8
DIMENSION MMAL(2) . XSL(7) CALL NOBLIL (S
COMMON ~DATAN/X(3808,2) . XD{ 1588, 2}, MMAX (2. 2) DO 388 K=1.NAY
COMMON ~N11/NAME(S) GO TO(378.373) . 111
COMMON ~ILONGZILN 378 YUK =X(K. 1)
DATA XSC-18..28..38..40.,58..68., 184,/ GO 0 388
READCS, 1) IEN 373 YIK)=XD(X, 11D
D0 18 11=1.2 388 CONTINUE
READCS, 189) NAME. XMAXC1.11).NA SC13) =NaY
READ(S, 181} CXCK, 11).Kal,NA) S(idy=1.
READCS. 182) XMANIZ, 113, NV $(15) =1
READ(S, 131) CRDAKL T1) .K=1.MV) CALL SLLILICTI,Y.S)
18 CONTINUE $(22) =xFRIMHE.S
=58 $(23) =YFRM+A, 7
DO 5B [11+1.2 G0 10(392.432), ILN
DB I8 111, 392 50 T(3E3. 3960, 11
x~1=nm><u><r|,xm><<m 119 333 GO T0(394,393),111
28 CONTINUE 794 CALL TITLE.u(RULE 22HLONG ITUDINAL ACE. (GRL) .S
1ECTTT,EG. 13 Xel=ybted. | G0 TO 399
Xt 08, 395 CALL TITLEG(RULE, 23HLONGITUDINAL VEL.(KINE}.S)
1O, GENT) 60 T 49 GO 10 399
XTie 12, 396 GO TO(337.398).1I
IF O, LE T 68 TO 4 297 caLL TITLEG(RULE.gBHTRﬂNSVEQSE ACE. (GAL) .S)
bG 37 KKi.7 G0 To 399
IF (4M.GT.XSCIKKD) GO TO 3@ 338 anL TITLEG(RULE. 2 IHTRANSVERSE VEL. (KINE}.®)
MM=XSL KK G0 To 399
GO TO 40 492 GO TD(433,436), 11
30 CONTINUE 433 GO T0(434.435). 111
49 IF(IIT.E0.1) XAM=Xor1s. 494 mu_ x cs(am.: ZSHNORMAL TQ FAULT ACC.(GAL),S)
WAL CIIT) =M G0 T
58 CONTINUE 435 CALL TInEGtPULE.stNDRﬂQL TO FAULT VEL.CKINES.S)
CALL PLINP CHAL NV, XHMALS GO TO 399
sT0P 436 GO To(AT7,4993,111
1 FORMATE 1S 497 CALL TITLEG(RULE.27HPARALLEL T8 FAULT ACC. (GAL).S)
180 FORMAT (24 1R/ F10. ds 15 GO O 399
181 FORMAT(19£7.0) 498 CALL TITLEG(RULE,26HPARALLEL TO FAULT VEL.(KINE).S)
182 FORMAT(//F1B.4/15/7} 399 S{E3=5(231-8.25
END CALL TITLEG(RULE,4HMAX=,S)
$(22) «§(22)+3.8
WFOI11.ERQ,2) SC28)
CALL DECYAL (RULE. xr-mxtm 113.8)
488 CONTINUE
$(22)=§(17+9.2
3(23)=8.4
NAME () <2
CALL TlTLEG(RULE NAME.L S)
WFRH- FRMHDS . 9
509 CONTINUE
SUBRGUTINE FL INP(NA.NV, XMAL) CALL GLBEND(S)
111=1-PLOT OF ACC. DATA. =2-PLOT OF VEL. DATA RETURN
11 =1-PLOT OF LONGITUDINAL DATA. =2-PLOT OF TRANSVERSE DATA ERD

DIMENSION T1{2981).Y(25817.8(35).GRS(4), ATI13.2).YT1(3.2)
DIMENSION RAL(2)
COMMON /DATAN/A(3000.2), XD 1524, 2) L XHAX(2,2)
COMMON /N11/NAME(E]
COmMMOM -~ TLONDS TLN
XFRM=1.5
Do Se8 11l=<1.2
T1(1)=8.9
T11=2.82
NAV=NR
IF(111.2Q. 1) GO TO 343
T11=0.24
NAY=NY

343 B0 338 K=2.NAY

358 TI(K)=T1¥FLOATIK~12
D0 4rg [1=1,2
YFRM=3 . FLORT(FI-12
S¢ 1y=xFRM
8¢ 23=3,.8+YFRM
8¢ 2r=TI(NAV)
§¢ 43=08.
§{ Sr= XMALLITD
S¢ B> -8(%)
S¢ 7y=28.
SC 8y=2,
Sy,
$(12)=33.
GXS([2=9.
GXS(2) =,
GXS{3)=1.
GXG{d) =1,
XTI{1.13=3.9
XT142.11=R.3
XKTI(3. 13=10.8
YTI(1,1)=1.9
YTi(2. 108,13
YTI(3, 13=2.8
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(PB 215 613}Al9

"SHAKE-A Computer Program for Earthquake Response RAnalysis of Horizontally Layered Sites,” by P.B. Schnabel
and J. Lysmer - 1972 (PB 220 207)A06
“optimal Seismic Design of Multistory Frames,” by V.V. Berterc and H. Kamil -1973
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"Computer Aided Ultimate load Design of Unbraced Multistory Steel Frames," by M.B. El-Hafez and G.H. Powell
1973 (PB 248 315)A09

"Experimental Investigation into the Seismic Behavier of Critical Regiens of Reinforced Concrete Components
as Influenced by Moment and Shear," by M. Celebi and J. Penzien - 1873 (PB 213 884)209

"Hysteretic Behavior of Epoxy-Repaired Reinforced Concrete Beams,” by M. Celebi and J. Penzien - 1973
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5. Moitahedi - 1973 (PB 223 763)209

"Cyelic Plastic Analysis of Structural Steel Joints,” by R,.B. Pinkney and R.W. Clough - 1973 (PE 226 843)008
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"Settlement and Liquefaction of Sands Under Multi-Directional Shaking,"” by R. Pyke, C.K. Chan and H.B. Seed
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"Optimum Design of Earthquake Resistant Shear Buildings,” by D. Ray, K.5, Pister and A.K. Chopra - 1974
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"LUSH - A Computer Program for Complex Response Rnalysis of Soil-Structure Systems,” by J. Lysmer, T. Udaka,
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"Sensitivity Analysis for Hysteretic Dynamic Systems: Applications to Earthquake Engineering,"” by D. Ray
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“Seil Structure Interaction Analyses for Evaluating Seismic Response," by H,B. Seed, J. Lysmer and R. Hwang
1274 (PB 236 519)A04
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“Shaking Table Tests of a Steel Frame - A Progress Report,” by R.W. Clough and D. Tang - 1974 (PB 246 49}A02

"Hysteretic Behavior of Reinforced Concrete Flexural Members with Special Web Reinforcement,” by
V.V. Bertero, E.P. Popov and T.Y. Wang ~ 1974 (PB 238 797)A07

"applications of Reliability-Based, Global Cost Optimization to Design of Earthquake Resistant Structures,”
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"Liquefaction of Gravelly Soils Under Cyclic Loading Conditions," by R.T. Wong, H.B. Seed and C.K. Chan
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"Site-Dependent Spectra for Earthquake-Resistant Design,” by H.B. Seed, C. Ugas and J. Lysmer - 1974
(PB 240 953)A03

"Earthquake Simulator Study of a Reinforced Concrete Frame,” by P. Hidalgo and R.W. Clough -~ 1974
(PB 241 944)Al13

"Nonlinear Earthquake Response of Concrete Gravity Dams," by N. Pal - 1974 (AD/A 006 383)A06

"Modeling and Identification in Nonlineay Structural Dynamics - I. One Degree of Freedom Models," by

N. Distefano and A. Rath=1974 (PB 241 548)}A06

"Determination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure, Vol.I: Descriptior,
Theory and Analytical Modeling of Bridge and Parameters," by F. Baron and 5.-H, Pang ~ 1975 (PB 259 4071715
"Determination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure, Vol.Il: Numerical
Studies and Establishment of Seismic Design Criteria," by F. Baron and S.~H. Pang - 1975 (PB 259 408)all
(For set of EERC 75-1 and 75-2 (PB 259 406))

"Seismic Risk Analysis for a Site and a Metropolitan Area," by C.8. Oliveira -1375 (PB 248 134}a09

"Analytical Investigations of Seismic Response of Short, Single or Multiple-Span Highway Bridges,™ by
M,-C, Chen and J. Penzien= 1975 (PR 241 454)A0%

"An Evaluation of Some Methods for Predicting Seismic Behavier of Reinforced Concrete Buildings,” by S.a.
Mahin and V.V. Bertero - 1975 (PB 246 306)Al6

"Earthquake Simulator Study of a Steel Frame Structure, Vol. I: Experimental Results,” by R.W. Clough and
D.T. Tang - 1975 (PB 243 981)Al3

"Dynamic Properties of San Bernardine Intake Tower,” by D. Rea, C.-¥Y, Liaw and A.K. Chopra - 1975 (AD/A008 408)
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“Static and Dynamic Analysis of Nonlinear Structures,” by D.P. Mondkar and G.H. Powell ~ 1975 (PB 242 434)A08
"Hysteretic Behavior of Steel Columns,” by E.P. Popov, V.V. Bertero and $. Chandramouli - 1975 (FB 252 365)Aall
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"Three Dimensional Analysis of Building Systems (Extended Version),” by E.L. Wilsen, J.P. Hollings and
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"Determination of Soil Liquefaction Characteristics by large-Scale Laboratory Tests," by P. De Alba,
C.K. Chan and H.B. Seed = 1975 {(NUREG 0027)208

"A Literature Survey - Compressive, Tensile, Bond and Shear Strength of Masonry,” by R.L. Mayes and R.W.
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“"Hysteretic Behavior of Ductile Moment Resisting Reinforced Concrete Frame Components,™ by V.V. Bertero and
E.P. Popov - 1975 (PB 246 388)A05
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for Moderately Strong Earthquakes," by H.B. Seed, R. Murarka, J. Lysmer and I.M. Idriss -1975 (PB 248 172)a03

"The Effects of Method of Sample Preparation on the Cyclic Stress-Strain Behavior of Sands,” by J. Mulilis,
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"The Seismic Behavior of Critical Regions of Reinforced Concrete Components as Influenced@ by Moment, Shear
and Axial Force,” by M.B. Atalay and J. Penzien - 1975 (PB 258 842}All

"Bynamic Properties of an Eleven Story Masonry Building," by R.M. Stephen, J.P. Hollings, J.G. Bouwkamp and
D. Jurukovski - 1975 (PB 246 945}A04

"State-of-the-Art in Seismic Strength of Masonry - An Evaluation and Review," by R.L. Mayes and R.W. Clough
1975 (PB 249 040)A07

"Frequency Dependent Stiffness Matrices for Viscoelastic Half-Plane Foundations,” by A.K. Chopra,
P. Chakrabarti and G. Dasgupta - 1975 (PB 248 121)A07

"Hysteretic Behavior of Reinforced Concrete Framed Walls," by T.Y. Wong, V.V. Bertero and E.P. Popov - 1975
"Testing Facility for Subassemblages of Frame-Wall Structural Systems," by V.V. Berterce, E.P. Popov and
T. Endo - 1973

"Influence of Seismic History on the Liquefaction Characteristics of Sands," by H.B. Seed, K. Mori and
C.X. Chan - 1975 (Summarized in EERC 75-28)

"The Generation and Dissipation of Pore Water Pressures during Soil Liquefaction,” by K.B. Seed, P.P. Martin
and J. Lysmer = 1975 (PB 252 &48)A03

“Identification of Research Needs for Improving Aseismic Design of Building Structures,” by V.V. Bertero
1975 (PB 248 136}A05

"Evaluation of Soil Liguefaction Potential during Earthguakes," by H.B. Seed, I. Arango and C.K. Chan - 1975
(NUREG 0026)A13

"Representation of Irregular Stress Time Histories by Equivalent Uniform Stress Series in Ligquefaction
Analyses," by H.B. Seed, I.M. Idriss, F. Makdisi and N. Banerjee - 1975 (PB 252 635)A03

"FLUSH - A Computer Program for Approximate 3-D Analysis of Soil-Structure Interaction Problems," by
J. Lysmer, T. Udaka, C.-F. Tsai and H.B. Seed - 1975 (PB 259 332)A07
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Waves," by T. Udaka, J. Lvsmer and #.B. Seed -1975

"Predicting the Performance of Structures in Regions of High Seismicity," by J. Penzien - 1975 (PB 248 130Q)A03

"Bfficient Finite Element Analysis of Seismic Structure - Soil -Direction,” by J. Lysmer, H.B. Seed, T. Udaka,
R.N. Hwang and C.~F. Tsai - 1975 (PR 253 S70)A03

"The Dynamic¢ Behavior of a First Story Girder of a Three-Story Steel Frame Subjected to Earthquake Loading.,"
by R.W., Cleugh and L.-Y. Li-~ 1975 (PB 248 841)A05

"Barthquake Simulator Study of a Steel Frame Structure, Volume IT - Analytical Results,"” by D.T. Tang - 1975
{PB 252 926)Al0

"ANSR-T General Purpose Computer Program for Analysis of Non-Linear Structural Response,” by D.P. Mondkar
and G.H. Powell - 1975 (PB 252 386}A08

“Nonlinear Response Spectra for Frobabilistic Seismic Design and Damage Assessment of Reinforced Concrete
Structures,” by M. Murakami and J. Penzien - 1975 (PB 259 530)A05

"Study of a Method of Feasible Directions for Optimal Elastic Design of Frame Structures Subjected to Earth-
quake Loading," by W.D. Walker and K.S. Pister -~ 1975 (PB 257 781l)A06

"An Alternative Representation of the Elastic-Viscoelastic Analogy," by G. Dasgupta and J.L. Sackman - 1975
(PB 252 173)A03

"Effect of Multi-Directional Shaking on Liquefaction of Sands," by H.B. Seed, R. Pyke and G.R. Martin - 1975
(PB 258 781)a03
"Strength and Ductility Evaluation of Existing Low-Rige Reinforced Concrete Buildings - Screening Methed,” by

T. Okada and B. Bresler ~ 1976 (PB 257 906)All

"Experimental and Analytical Studies on the Hysteretié Behavior of Reinforced Concrete Rectangular and
T-Beams,” by S.-Y.M. Ma, E.P. Popov and V.V. Bertero - 1976 (PB 260 843)Al2

"Dynamic Behavior of a Multistorv Triangular-Shaped Building," by J. Petrovski, R.M. Stephen, E. Gartenbaum
and J.G. Bouwkamp - 1976

"earthquake Induced Deformationsof Earth Dams," by N. Serff and H.B. Seed - 1976
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"PLUSH - B Computer Program for Probabilistic Finite Element
Analysis of Seismic Soil-Structure Interaction," by M.P. Romo
Organista, J. Lysmer and H.B. Seed - 1977
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Power Plant in the Ferndale Earthguake of June 7, 1975,"
by J.E. Valera, H.B. Seed, C.F. Tsai and J. Lysmer - 1877
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"A Literature Survey - Transverse Strength of Masonry Walls,"
by ¥. Omcte, R.L. Mayes, S$.W. Chen and R.W. Clough - 1977
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Response of Three Dimensional Buildings," by R. Guendelman-
Israel and G.H. Powell - 1977 {(PB 270 693)A07
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for Practical Elastic Analysis and Design of Structural Walls
with Substructure Option," by D.Q. Le, H. Peterson and
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"Experimental Evaluation of Seismic Design Methods for Broad
Cylindrical Tanks," by D.P. Clough

"Barthgquake Engineering Research at Berkeley - 19876," - 1977
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Building Frames," by N.D. Walker, Jxr. - 1977
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Loads," by D. Zallnas, V.V. Bertero and E.P. Popov - 1977
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