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NOMENCLATURE

accelerogram function

response spectra of a(t)

relative displacement spectra
relative velocity spectra
absolute acceleration spectra
pseudo relative velocity spectra
pseudo absolute acceleration spectra
complex Fourier transform of a(t)
power spectral density

relative displacement

relative velocity
pseudo-relative velocity
pseudo-absolute acceleration
cosine transform

sine transform

. phase spectra

time dependent power spectral density
reduced accelerogram function

tﬁme dependent amplitude function

time dependeﬁt phase function

damping ratio of seismograph = EXPGvV(l—pE)l/z)
damping coefficient of seismograph

demping coefficient of single degree system
undamped natural frequency of single degree system

demped natural frequency of singie degree system
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Nomenclature (Cont'd.)

time derivation of acceleration function
ground velocity -

ground displacement
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FOREWORD

The research described in this report, "Analysis of Earth Motion
Accelerograms", was conducted under the supérvision and technical respons-
ibility of R. W. Clough and J. Penzien, Professors of Civil Engineering,
Division of Structural Engineering and Structural Mechanics, University
of California, Berkeley. This research was performed under the sponsdr-
ship of the Plowshare Division, Ernest O. Lawrence Radiation Laboratory,
Livermore, California and is submitted in this final réport in fulfill-

ment of Purchase Order No. 1256100 for Contract No. W-ThO5-Eng. L8 with

the Atomic Energy Commission.



P,

I. INTRODUCTION

A great amount of information is availeble in the field of earth-
quake engineering concerning the characterization of strong motion
earthquakes for purposes of estimating structural response. The com-
plexities of ground acceleration~-time hisvories, as recorded by
seismographs, do not allow one to visualize, by simple inspection, the
factors which influence structural response. Therefore, apart from a
direct interpretation of measured ground accelerations, other methods
have beén developed for characterizing earthquakes such as the response
spectra tecﬁnique. This method has proved to be very useful when upper
bounds or estimates of maximum structural response are desired and has
also been used as a direct measure of earthquake intensity.

Due to the possible future use of underground high‘yield nuclear
explosions for peaceful purposes, i1t is important that an attempt be made
to characterize the surfaée ground accelera%ions produced by such ex-
plosions and that these characteristics be compared with those of‘strong
motion earthquakes. 8Since structures may be located in the immediate
vicinity of future underground explosions, it is very desirable that
response spectra be made available based on ground accelerations of past
underground explosions. These response spectra can be used as an aid in
prédictjng damage to structures during future events as well as a direct
means of predicting the intensity of grdund motion expected. It was,
therefore, one of the objectives of the investigation reported herein to
provide such inforﬁétion.

While the response spectra technique mentioned above aids greatly
in predicting structural behavior and in characterizing ground motion,

it was felt that perhaps socme additional understanding of this general
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problem could be obtained by supplementing lhe response spectra analysis
with an independent characitcrizetion of ground motion in the frequerncy
donain. The natural characterization in this case is the Fourier spectra
due to the fact it corresponds to the spectral representation of the
second order linear operators describing the behsvior of a linear system
having constant ceoefficients. The Fourier spectra resolves the ground
acceleration-time funciion into simple harmonic functions whose freguen-
cies are distributed in & continuous manner over the wide frequency
range.

A third possible way of characterizing accelerograms, namely a proba-
bilistic.approach using the power spectral density function, was considered
in this investigation. The hypothesis of a stationary ergodic random
process was examined.

Since the last two of the above methods of characterizing accelero-
grams, i.e. through the Fourler spectra and the power spectral density,
have not been previously applied to earthquake accelerograms a number
of past earthquakes were included in the investigation.

The major tasks of the investigation were (1) developing an efficient
Fortran program for the IBM 7090 which would calcuiate the various spectra

nmentioned above, and (2) developing a program so that all numerical

‘results could be plotted directly on a digital CALCOMP plotter.

Special attention was also given to the influence of seismometer
characteristics on the recorded acceleration and a method was developed

for eliminating the instrumentsl error associated with its frequency and

damping characteristics.
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Some effort was also spent on & study of accelerogram base line
correction and its influence on the various spectra results.

A total of 10 earthquake and 19 blast ground motion acceleroprems

were analyzed, canpsrisons were made, and some general conclusions and

recomendations have been stated.

11. GROUND MOTION CHARACTERIZATION

A. General - Acceleration-time measurements are generally accepted
as the standard measurementis used to characterize strong ground motion
which may be produced by an earthquake or underground nuclezar explosion.
The total ground acceleration at a specific point not only varies in inten-
sity with time but also varies in direction as well; therefore, a vector
function would be needed to completely define the acceleration time
history. However, the standard accelerogram obtained by a seismometer
or accelerometer measures each of the three components of the ground
motion separately. Any one of these components may be used directly in
characterizing ground motion.

When interpreting ground motion accelerograms, one must recognize
that certain errors may be invoived. First of all those frequency compo-

nents of ground acceleration which are comparable to or higher than the

natural frequency of the seismometer will not be measured accurately due

to the dynamic response characteristics of the instrument. This type of
error may be classified as a recoverable error since the accelerogram can
be corrected if one knows the natural frequency and percent of critical

dampiﬁg of the measuring instrument. A method for making this correction

is discussed in & subsequent section of this report.
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Among the unrecoverable errors of importance are the starting delay

error, the sensitivity error, and the base line error

he scismometer depends

~+

The starting delay error is caused when
upon a certain level of ground acceleration to initiate recording. This
error 1is usually present in earthquake accelerograms bul need not be present
in accelerograms resulting from planned nuclear underground explosions
since the recorders in this case can be turned on Jjust prior to destonation.
The importance of missing the initial portion of the accelerogram lies
in the fact that it does not allow, as demonstrated later, a proper bass
line correction.

The sensitivity error is directly related with the slow speed at
which the recording paper advances during recording of the ground accel-
eration. In recording earthquakes, this paper speed is commonly set at one-
half inch per second which results in very large slopes on the accelero-
gram. When digitizing such a record, these large slopes lead to important
unrecoverable errors due to the fact that very small unpreventable errors
in the time scale can produce large errors in the recorded accelerstions.
This type of error is herein referred to as the sensitivity error.

The base|1ine error results from the fact that usually no axis of
reference is drawn on the accelerogram record by the instrument and in
some cases when a reference axis is drawn its position does not coincide
with the position of zero acceleration. One might at first think that
only & simple translation of the reference axis is required to eliminate
&8 basé line error, but this type of correction does not always work.

Further discussion of the base line correction will be presented subse-

Quently in more detail.

While the above mentioned errcors influence to a certain extent the

final results of any type of characterization study, it is not the main
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purpose of this investigation to consider these effects. Rather the main
; objecfive of this investigation is to study the various ways of character-
izing measured ground motion accelerograms {;ssuming they are free of the
type of errors mentioned above) with an emphacis on the fact that maxirun

dynamic structural response is of primary concern. Of course, for a
D Y s

-

given structure subjected to a given base acceleration one can easily
calculate structural response, but it must be remembered that structural
response predictions must be made for future events. It is necessary
therefore that general characterizations be established which can serve

s a guide in predicting damage to an infinite variety of structures which

may be built in the future and which could be subjected to a wide variety
of earthquake or blast ground motions.

The discussion which follows will be concerned with three different
characterizations, nameiy (1) the response spectra which characterizes
ground motions from the viewpoint of their effects on a single degree of
freedom linear system, (2) the Fourier spectra which characterizes ground
motions according to their resclution into harmonic functions which have
& continuous frequency distribution and (3) the power spectral density
function which is based on a probabilistic approach assuming ground motions

as a stationary, ergodic, Gaussian process.

B. Response Spectra - All response spectra are cbtained from a trans-

formation of the form
t

Ra(w) = Sup / a(7) h (w, t-7) ar| (2.1)
£ |

- OO

which assigns to every ground acceleration function a(t) & function Ra(w)

where h(w,t) is the unit impulse response function for a single degree of

TR N e e Dl e e e e AL s e o s



freedom system witk natural frequency o Since, for exomple,

Ra(m) = R_‘a(w; (2.2}

e single function Pa(w) does not uniguely define 2 single function of
a(t), in fact, many different functions of alt) could produce exactly the
same funciion Ra(w) through the transformstion given by Egq. (2.1).
Consequently, this transformation is not invertible. Alsc, noticing

that

Ra+b(w) < Ra(w) + R (w) (2.3)

shows this same transformation to be non-linear.

Since the dynamic’response of a linear structural system in any one
of its normal modes can be determined by a single degreg of freedom system,
the above spectra can be used in predicting ultimate response of such
systems when subjected to ground motions produced by blasts or earthquakes.
The structural properties of the system are implied in the function
h{w,t) which might represent the unit impulse response in terms of rels-
tive displacement, relative velocity, or absclute acceleration. The word
"relative" implies the response is measured with respect to the moving
support.

Tnree basic response spectra have been generated in this investiga-
tion, namely, relative displacement spectrum RDkw), relative velocity
spectrum RV(w), and absolute acceleration spectfum AA(w)., These spectra
represent the greatest values of relative displacemenﬁ,‘relative velocity,
and absolute acceleration, respectively, reached during the time history

of the acceleration input a(t). Two additional response spectra have

been generated, namely, pseudo relative velocity spectrum PSRV{w) and



pseudo absolute acceleration spectrum PSAA(w) which are defined in terms

of the relative displacement spectrum as follows:

PSRV(w) = Wy RD(w) : (2.4)
PSAA(w) = «f RD(w) (2.5)

The pseudo relative velocity as given by BEg. (2.4) will be compared

against BV(w). The similitude between RV and PSRV for all ground motions
has been used in previous investigations. The pseudo absolute acceleration
represents the greatest value of the elastic spring force per unit of

mass reached during the time history of the input motion.

C. Fourier Spectra - All Fouriler spectra are obtained from a trans-

formation of the form

P (w) =f a(t) e 1Y g1 (2.6)

which assigns to every time function a(t) a frequency function Fa(w)°

This transformation ié, of course, linear and invertible; therefore, the
original time function a(t) could be recovered from the frequency function
Fa(w). This invertible property means that all physical properties present
in the function a(t) must also be present in the functioana(w)° A char-
acterization of the ground motion a(t) through this transformation does

not include any structural characteristics since no structural function

is included in its definition. Fa(m) is a complex function whose real

and imaginary parts are, réspectively, the cosine and sine transforms.

The modulus of this transform will be referred to herein as the amplitude

spectrum and its argument as the phase spectrum.
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D. Power Spectral Dencity - The power spectral density PSDYq(w)

is defined by the transformation

p 2
~JwT
jﬁ (1) e at
.—T ,
PSDY (w) = lim (2.7)
T~—> co 2T

which is not invertible since the same power spectral density function
can be obtained from an infinite number of different a(t) functions.
Because of its definition, this function does not contain any information
regarding the phase angles of the individual frequency components con-
tained in the function a(t).

Since ground motions as produced by earthquakes or blast are of
Tinite duration, the power spectral density functions of the ground acceler-
ations will degenerate to zero in accordance with the strict definition
given by Eq..(2.7) as T— ©° . However, in those cases where the power
spectral density function tends to a constant function &s the value of T
is increased within the time duration of the ground motion, it is proper
to select in a restricted sense this function as representative of the
power spectral density function. The acceptance of such a restricted
bower spectral density to describe the statistical properties of ground
motion must, of course, be limited to angular frequencies‘w substantially
greater than En/To where TO is the duration of the ground motion; This
restriction is a consequence of the fact ﬁhat stréng motion earthquakes
and underground nuclear blasts produce ground motions that are in the
strict sense non-stationary processes. The error introduced by assuming
& stationary, ergodic rendom process in this case is hard to evaluate
but it is difectly related to how well the power spectral density function

tends to a constant function as T is increased towards TO.



ITI. ANALYTICAL OUTLINE AND NUMERICAL PROCEDURE

A11 previously defined analytical expressions can be organized in
a way to make all of the proposed ground motion characterizations depend
on the same basic functions. The advantages of such a procedure is
reflected in terms of computer time since the Fourier spectra and power
spectral density can belobtained along with the various response spectra
with little additional computer time required.

The relative displacement function is given by the expression

t
RD(t) = = /ha(T) e-xw(tkT) sin wp (£-7) at
. D -
e (3.1)
- 5; {C(t) sin wpt - S(t) cos th}
where
t
c(t) = oMWt jpa(T) M cos wpT 47 (3.2)
J ,
and
t
5(t) = e ML jpa(T) M sin wpT a7t (3.3)
' .-oo

Since the relative velocity function is simply the time derivative of

RD(t), one can state

RV(t) = {0(t) cos ugt + S(t) sin o] -7 (o€t) stn age - () cos uyt]

1-2
(3.1)
The pseudo relative velocity is by definition
PSRV(t) = w, RD (t) (3.5)
The absolute acceleration is given by
AA(t) = - 20w RV(t) - «® RD (t) 4 (3.6)



and the pseudo absolute acceleration is by definitiocon

2

PSAA(L) = - RD(%) (3.7)

The response spectra functions, as derived from the above mentioned
time functions, are given by the least upper bound or supremum of these
functions with respect to the variable t within the time history interval
under consideration.

Defining Fourier cosine and sine transforms as

ci(w) = C(To)x:o n (3.8)

- 8T(w)

it

S(T.), g (3.9)

the amplitude and phase spectrum are respectively

AS(w)

i

(0T2(w) + STO(w))H/? (3.10)

-1 ST(w
tan ET%B% (3.11)

and

PHS(w)

i

" In the above equations To represents the time at which the ground motion

terminates.
The restricted power spectral density function is calculated for

several increasing time durations with the formula

0%(t), _ + 5°(¢), _,

PSDYt(w) = (3.12)

2t
The célculation of the functions C(t) and S(t) required the use of an

integration formula for which Simpson's rule was chosen. Since they are

indefinite integrals it is convenient to use the following recurrence

formule :
c(t)) ,uon [C(t-2n) ot [ \ur [cos uT

- e ‘e Jf a(1)e™ ar  (3.13)
S(t) S(t-2h) Son sin wyT

10



Application of Simpson's rule to the last integral evaluation and substi-

tution of the continuous varizble t by discrete equal spaced values

given by
1t = (m—-l)h K m=1,3,5,7,---
yields form = 1

Clo) =0 (3.14)

and form = 3,5,7,~-=-~

¢((m-1)n) o ) C(m-3)n)
s((m-1)n) ) S((m-3)n)
. R M

sin wD ((m—S)h)
* ((n-2)n) 2]
cos W m-2)h
+ 4 a({m-2)n) e ~Mh D
sin wp ((m-2)n)
cos mD ((m—l)h)
4+ a((m-1)n)
sin wy ({m-1)n)
Since digitized values of the acceleration function a(t) are not
generally available at equal spaced time intervals, an interpolation
procedure must be used. Two kinds of interpolation have been considered,
namely, & linear and a sinusoidal interpolation. The linear interpolation
can be used in tabulating accelerations when the time intervals are suf-
ficiently small so that the true acceleration function is closely
represented by such linear segments. The sinusoidal interpolation should
be used for those acceleration records where the digitized values have
been tabulated using essentially only the maximum and minimum points on
the records. This latter interpolation method provides a better approx-
imation in such cases since it fits a sinusoidal segment of curve between

the maxima and minima points having zero slope at both extremums and

neglecting the intermediate points.
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IV. ACCELERATION CORRECTIONS

A. Dynamical Instrumental Correction - Generally when accelerogram

records are interpreted, one assumes the seismograph displacement x(t)

et time t is directly proportional to the ground acceleration a(t) with,
of course, a scale factor being involved. This assumption is valid when
measuring those components of acceleration whose frequencies are much
lover than the natural frequency of the seismometer, but becomes consider-

ably in error when measuring components whose frequencies are of the same

order of magnitude or higher than the natural frequency of the seismometer.

The error involved in making this assumption can be eliminated when gener-
ating standard response and Fourier spectra by incorporating the
seismometer characteristics into the analytical procedures as developed
in the following discussion.

The differential equation relating seismograph displacement x(t)

to ground acceleration a(t) may be expressed as
%(t) + 2p p x(t) + 7 x(t) = -V_ a(t) (4.1)

vhere © 1s percent of critical damping of the seismometer, p is the
undamped natural frquency of the seismometer, and VS is & dimensionless
scale factor. For those frequency components of a{t) which are small
compared to the natural frequency p, the first two terms in Eq. (h.l) are
small compared with the.other two terms and therefore can be neglected.
However, for higher frequencies, these two terms must be retained.

Introducing the change of variable
. _ 2 ‘
A1) = - (5°/V)) x(¢) (4.2)

vhich converts the measured seismograph record ordinates into units of
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ecceleration for purposes of tabulation, Eq. (L4.1) becomes

+ 25 Ae) + AGe) = alt) | (4.3)

t 2
b

e} E:
no

If the resulting accelerogram records A(t) a;e reduced in terms of percent
of gravity, Eq. (h.3) is still used; however, the final acceleration values
a(t) are also expressed in terms of percent of gravity.

The calculation of X(t) having A(t) in tabuleted form, is extremely
difficult to perform with accuracy since seismograph recording paper moves
rather slowly resulting in poorly defined local curvatures. Any numerical
method of calculating the second derivative of A(t) by means of finite
differences leads to such large errors that this method is impractical.
Because of this difficulty, a completely different approach was used to
correct for the instrumental error; In developing this approach, first,
combine integrals (3.2) and (3.3) intec a single complex function f(t),

namely

t
£(t) = c(t) + 1 8(t) = o MW jpa(T) oMo - dwp)T o (4.1)
Q

Letting the time origin coincide with the moment the seismograph record

begins and substituting Eq. (4.3) into Eq. (4.4) gives

t LY ]
£(t) =f (—% + —259- Aoan) - depT (4.5)
J '
(o]

Integrating by parts

£(1) = L {kA(t) e 711 o) - O - tup)(ale) €T 190 (o))
5 _
20 (A - 1w )t
- 2 {}(t) . wplt A(o)}
2 ‘ t
+ {(x 2i p) - 25 (hw - dwp) + 1 A(T) oM = Tup)T oo (L.6)
P : ’o
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It is convenient here to introduce the following two time functions:

t

Ca(t) = e MOt /FA(T) T cos wpT AT (4.7)
‘ 8]
1

SA(1) = e MWT /“A(T) M sin T 4t (4.8)

Multiplying Eq. (4.5) by e~kwt and separating into its real and imaginary

parts gives

r-_' ]
w .
Alt): 20 AW ) D .
c(t) = S5+ o - %) A(t)]| cos wpt + — A(t) sin wpt
L P b b
- éigl + <éﬁl - §£{> A(o) -Awt
2 i) e e
L. P P '2:
— 2
() - w
1 - 2w D CA(t) + 2w v SA(t) (4.9)
P 2 J Dip 2
L p P
and
[ W, W
A(t) 20w i D D -Awt
S(t) = > + <;£~ -5 A(t)| sin th -3 A(t) cos th + 5 A(o) e
S S P _ P P
B 2 2
(Aw)® -
1 - 2 D SA(t) - 2w, © -2 ) (4.10)
D p2 D p P2

These equations permit. one to determine the functions C(t) and S(t) in
terms of the seismometer constants P and Q and the recérded function A(t)
and its first derivative A(t). The functions CA(t) and SA(t) as defined
by Egs. (4.7) and (4.8) have exactly the same form as Egs. (3.2 and (3.3).

One should observe that for an instrument having a natural frequency
D considerably higher than the highest freéuency camponent of interest
contained in A(t) and A(t), it can be stated that

C(t) = CA(t) (b.11)

ang

s(t) = sA(t) (4.12)

1k
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The effect of the instrumental correction on response and Fourier

‘spectra has been determined Tor several earthquake and blast ground motion

records with the aim of establishing the frequency range as well as
instrumental parameters which are of significance. These results are

presented in a subsequent section.

B. Base Line Correction - Earthquakes, as well as underground

nuclear explosions, present the typical feature of a highly oscillatory
type of accelerogram. This pattern, together with the fact that the
acceleration function has essentially a zeré mean value, makes the deter-
mination of the ground velocity function strongly dependent on the positicn
of the zero acceleration line.

Since the ground velocity function has also a marked oscillatory
character which involves a rather small area, the position of the acceler-
ation base line affects very strongly the determination of the ground
displacement function.

The physical fact that ground velocity is zero, before the earth
motion begins as well as after it ends, requires the total area under the
true acceleration curve a(t) to be zero.

In the following discussion, it will be assumed that the accelerogram
function A(t) represents the true ground acceleration. As previbusly
pointed out, this assumption is valid only when the measuring instrument
has a sufficiently high natural fregquency p.

Because of the starting delay error, the beginning of the earthquake
8cceleration is not recorded; therefore, the condition of zero total area
Need not be satisfied exactly for the record obtained.

A base line correction of the accelerogram based on & parallel shift

of the zero acceleration axis has been studied. The amount of shift
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pernitted is determined by the condition of zero total arca under the

acceleration function. This type of correction will not yield by integra-

tion the true ground velocity and displacement; however, it will give an
& P £

o
b]
]

estimale of the influence this correction has on structural responsc
calculations. It has been applied to the ground motion characterizaiions
as described in Chapter II.

In order to visualize how this correction affects structural
behavior, one may notice that the least upper bound of the absolute value
of the ground displacement curve is alsc a point in the relative displece-
ment spectrum. It corresponds to the relative displacement for zero
frequency and zero damping. One must expect that the influence of thic
correction will propagate through the spectrum with greatest effect on
the low frequency range.

So far as the Fourier spectra is concerned, letting Al represent the

acceleration correction, this influence can be determined easily. DNoting

that the sine and cosine transforms are, respectively,

tl (1 - cos wtl)
ST(w) =‘/h Al sin wt dt = Al =
A .
tl sin wtl
CT(w) =‘f Al cos wt dt = A, =
e
which are bounded by
EIAli 2
for w> -—
w - tl
| sT(w), cr(w) | <
2
dA ~
l lltl for'w‘< T

One observes that the base line correction affects the Fourier spectra

Predominately at the lower frequencies.
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tudies of the base line correction effect on specetra have been
made using several measured ground motion accelerograms by comparing the
spectra obtained with and without the zero final velocity base line
correction. The results of this study are p}esented in & subsequent

section.

V. COMPUTER PROGRAM DESCRIPTION

A. General - All computations were performed by an IR 7090

digital computer and the desired results were recorded in graphical form

using a CALCOMP plotter. To carry out this procedure, a program was first

written in Fortran language for the IR TOS0 which enabled the computer
to calculate all spectral quantities and store them on magnetic tape.

Next, a second program was written which would permit a transfer of the

above spectral data to a second tape to be used by an IBM 1401 computer in

activating a CALCOMP plotter.

B. Flow Scheme - The IBM 7090 computer program consisted of the
following:
1. Initialization - A set of control cards containing all commands

are first read into the computer.

Input data - All input data can be read into the computer either
from punched cards or from magnetic tape, as desired.
Interpolation - Four different procedures have been made avail-
eable for interpolating the input ground acceleration data a(t),
namely l) no interpolation used whén the input data is digitized
at equal time intervals, 2) linear interpolation used for the

normal case of well defined functions, 3) sinusoidal interpolation

17
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used when Tunctions arc digitized only at their consccutive
maxima and minima points, and L) cinusoldal interpolation aftor
an atuomatic elimination of all digitized data between consecu-
tive maxima and minima point
Base line correction - The computer program permits two possi-
bilities in regard to base line correction, i.e. no base line
correction et &ll or a parallel shifting of the base line
sufficiently to enforce a zero final ground velocity.
Ground velocity and displacement - The generation of ground
velocity and displacement functions is optional and is set by
proper selection of the control cards.
Spectral calculations - The convolution and Fourier integrals
are calculated by the procedure outlined in Chaps. III and IV.
By dividing the input function a(t) into j equal time intervals,
the power spectral density function can be generated using only
the initial portion of the input function starting at time zero
and ending with eny one of these intervals. Thus by inspection,
the stationary property of the input can be checked.
Instrumental correction - The computer program will permit the

1
instrumental correction to be made by simply punching the seis~
momefer undamped natural period and its demping coefficient
into the last déta card. If the instrumental correction is not
desired, the last data card is left unpunched.
Time history of response - The computer program has been written

so that one can obtain the entire time history response of a

single degree of freedom system to any input, if so desired.

16
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Several additional options ere permitied by the IR 7090 program as
written. These options, along with the Fortran listing of the program,
ere given in Appendix 2.

The plotting program is not included in this report since it is

gdaptable only to the specific computer installation availsble on the

University of California campus.

C. Program Check - To check the accuracy of the computer results,

& simple transient ground acceleration which could be expressed analytically

0]

was used as the input function. This transient input consisted of a singl
half sine wave of unit amplitude in the region 0 < t £ 0.1 sec. and zero
in the region .1 <t £ .6. The sinuscidal function was digitized to S
significant figures every 0.001 seconds. The variocus spectral quantities
were calculated by a direct analytical solution and compared with these
seme quantities generated by the computer. This comparison, as given by
Table I for damping ratios of zero and 20 percent and for frequencies of
lOﬁ/h, 20n/l, and 30n/L, shows agreement general to 5 significant figures.
In a few ééses an error of 1 appears in the last digit. The first value

shown in each case was obtained by direct solution.
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TABLE T
Demping  (
etio = O S(w) Cc(w) RD(w) RV(w) AL w)
Hﬁ;ylo L 0.24008E-01{0.57962E-01 (0. 798808-02|0.6273TE-01, 0.ho27LE 00
Tl 0.24008E-01]0.57961E-01 |0. 798798-02|0.62737E-01 0.Lgo73E oo
yeoo I 0.L2kL1E-01]0.424418-01]0.352115-0210.60021E-01 0.94281E 00
=YL 0.42hk1E-0110.42LL1E-01]0.382115-02]0.60021E-01 0.94281E 00
W=30 X 0.51k47E-0110.21310E-01 0.23634E-02{0.55685E-01] 0.13121E 01
YL 0.51LLTE-01]0.21310E-01|0.23634E-02|0.55685E-01| 0.13121F 01
Damping
fatio o o S(w) C(w) RD(w) RV(w) Ad(w)
Welo & 0.1007CE-01]0.24482E-01 [0.60L00E-02 * 0.40L50E 00
UL 0.10078E-01]0.24482E-01 [0.60399E-02{0.51160E-01 0.540L4508 00
Yoo X 0.76322E-02]| 0. 75206E-02|0.2889LE-02 * 0.77L02E 00
=L 0.76322E-02| 0. 75206E-02|0.28894E-02{0. 3865LE-01 0.77402E 00
W=30 & 0.39422E-02{ 0.1498LE-02]0.17878E-02 * *
UL 0.39421E-02| 0.14984E-02}0.17877E-02]0.31843E-01 0.10743E 01

The instrumental error correction was also checked by direct solution
using the above mentioned transient ground acceleration as input. For
this check, a period of 0.1333 seconds and a damping ratio of 0.5 were
assumed for the seismometer. The resulting acceleration time history,
vhich would be recorded by this instrument, was then used as the accelera-
tion input into L8 different single degree of freedom systems and their
responses were compared with those which would result by using the original
half sine wave transient acceleration as input. Of the 48 different
S&stems used, one-half had zero damping; the other one-half had 20 percent
of critical damping. The frequencies assumed for these single degree of
freedom systems ranged from 107t/4 to 60x. The check showed an increase in
the computer error with an increase in frequency. For a frequency of
lo“/h, the error resulting in any response function was of the order unit

in the stp significant figure. For a frequency of 60xn, i.e. a frequency

20
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L4 times greater than the seismometer frequency, the error increased 1o an
order of about 5 units in the Uth significant figure.

It is worthwhile to metnion at this point that larger errors are
observed in time response checks than in spectral response checks due to
the fact that the latter does not involve phase errors.

Check similar to those described above were also made using other
types of ground acceleration as input; however, the accuracies showﬁ were
of the same order of magnitude as those presented for the half sine wave
input and therefore will not be discussed herein.

QThe accuracy of the general computer program as demonstrated above

is considered sufficient for intended uses.

VI. RESULTS

A total of 29 accelerograms (19 produced by underground nuclear

explosions and 10 by earthquakes) were analyzed in the general investigation

"reported herein. Table II summarizes some of the basic data associated

with each event, namely 1) peak acceleration during the period of ground
motion, 2) source and receiver nmedia, 3) magnitude of event measured in
kilotons for the nuclear explosions and in Richter scale for the earth-
quakes, L) seismometer characteristics in terms of period and damping
coefficient, and 5) the persons or group from whom the basic ground motion
accelerogram deta was obtained.

Table III lists the results which are presented in graphical form

in Appendix 3.
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TABLE II
ANALYZED RECORDS

Case Event Peak | Epic. | Medium Magn.| Ins. Char. Vrs
No. acc. Dist. | Sor.| Rec. (%) T
(%) (1m) ' (sec)| €
S
1. |Gnome 2T LTh 1.6 S A 3.1 L061 | 10 L
o, " 3T .23 3.2 S A 3.1 112 ] 10 "
3. " LR .05 6.5 S A 3.1 .140 7 "
), " L .02 6.5 S A 3.1 | .1l 7 "
5, " 6T .03 1.6 S A 3.1 .059 9 "
6, " 7T .16 3.2 S A 3.1 0 .111 | 10 "
7. |Dannyboy DS5R .09 1.2 B B A0 Lo70 6 "
8. " D8R .03 2.1 B B L .110 8 v
9. [Mississippi 17777 | .05 8.9 T A - J111 9 P
10. " 8228T | .ok 6.1 T A - 056 | 12 "
11. 72L5R s 2.0 T A - .030 | 10 "
12. 9537R | .98 1.0 T A - 017 | 13 "
13. hothT | .25 3.1 T A - .039 8 "
1k, LOTLR | .30 3.1 T A - Nolite) 7 "
15. |Hard Hat 1091T | .52 1.2 ¢! L 5. .034 9 "
16. " khoeT | .29 6.3 G A 5. 146 9 "
17. JAardvark 37737 | .7h 1.1 A A 37. .056 | 15 "
18. " 1437T | .05 7.5 A A 37 .101 | 13 "
19, |Sedan R3 .15 1.1 A A 110 | .017 5 L
20. |Taft 52 N2l1E .18 6l - - 7.7 .081 8 B
21. " " .18 6l - - 7.7 1 .081 8 H
ez. y " .18 6k - - T-7T | .081 8 v
23. " " .18 6L - - 7.7 1 .081 8 C
2L. |El Centro 4O NS . .32 48 - - 6.7 | .099 8 B
25. " EW .23 48 - - 6.7 | .100 7 B
26. " 34 NS .26 54 - - 6.5 | .098 8 B
7. |Olympia L9 N8OE .32 72 - - 7.1 | .080 9 B
28. |s. F. 57 S80E .13 12 - - 5.3 078 | 10 v
29. |Ferndale 41 SLSE .12 32 - - 6.6 .099 | 10 '

Tabulation Versions:

<E QWY

Medium Characterization:

HOrwne

(%) Magnitude in kilotons

Lawrence Radiation Lab.
Ine.

Planetary Sciences
Berg

Clough

Hudson

Veletsos

Alluvium
Salt

Basalt
Limestone
Granite
Wether Tuff

for blasts, in Richter magnitude for earthquakes.
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Summary of Results

TABLE III

23:

Integr. Response Spectra Fourier Spectra
A vV ' D RD | RV | PSRV| AA TPSAL | ST cT AS PHS DY RUN
t ot |t 290
Wl | Wl W w 2kt
t) | )| t) 297
w) 318
(w 260
t t t 290
wl | wT wT w 2Lt
t) | t) | t) 297
w) 318
(w 260
t t t 290
Wl | WT wT w 2kt
t) | t) | t) 297
w) 318
(w] (w (w (w 260
t) | t) | t) 376
wl | T wT W 247
t) | t) | t) 376
wl | T wT w 2
w w w w w 187
t) ] t) | t) 376
Wl | Wl WT w 247
t t t 552
t) | )| t) 552
ol | wl WT w 386
t t t 552
t) | t) | t) 552
w w w w W w L86
t t t 532
t) | t) ] t) 532
w w w w w W 538
t t t 532
) )| t) 532
w w W ) w w 538
t t t 532
t) | t) ] t) 532
w w w w w W 538
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TABLE III - Continued

race Integr. Response Spectra Fourier Spectra

lo. . A v D RD RV PSRV AA PSAAK ST CT AS PHZ  papv RU

Y t | | ‘ | 532
c1e e )t ! | 1 ! 532
12 ; ‘ gow | Wwopow W w i ; W L | 555
; i . ; | ! ; ! ‘
130ttt f | ] | 532
13 | t)f t) | ot)o ‘ ’ | | i | 53z
13 o e le e e e Cw 555 |
IETIN I RO 4 S 532 |
wWlot) b)) | | ; 532
1L | w W w W w | w ( 555
1Bttt i 532
15 0 ) oty %) 532
15 W w w w w w w 55
16 t t t 532
16 t)| t) | t) 532
16 W w w w w w 555
16 (0] (0| (0] (w (w 555
17 % 1, t 532
17 )l t) | t) 532
17 w | w | ow w W w 555
18 t t t 532
18 t) ] t)| t) 532
18 ) w W W w W w 555
18 (0] (0 | (0| (w (w! (w 555
19 | t)| t)| t) 376
19 Wl | T WT w 338
20 t t t 369
20 t)| t) | t) 372
20 t 545
21 ||+ t t , 369
21 t)| t)| t) 372
21 t 545
22 t t t 369
22 t)| t)] t) 372
i 22 4 - 545
23 t t t 369
23 t)] t)| t) 372
{230 ¢ ShS
{ e3 Wl | T wT w 350
a3 Wl w W W w 89




TABLE III - Continued
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case Integr. Response Spectra i, Fourier Spectra
Ho. | A Vi D RD | RV PSRV AA |PSAA|} ST CT AS T PHS, SDY RUN
[UUN *
ol t) | t)| t) 3’(6)
o wl | wT wT W 361
o5 || t)| t)| t) 376\
25 wl | ol wT w 341
25 (wT (wT (w 348
26 || t) | t)| t) 376
26 wl | wT wT w 34y
e1 || t) | t)| t) v 376
27 ' Wl wT W 359
28 t t t 552
28 || t) | t)| t) 552
28 w w W W w W w 555
29 t t t 552
29 || t) | t)| t) 552
29 w w W w () W 555
Conventions: t: graph versus time

w: graph versus angular frequency

T: graph versus period

): graphs at the left calculated with instrumental

correction
(: graphs at the right calculated with instrumental
correction

A: éround acceleration

V: ground velocity

D: ground displacement




Graphs of ground accelerstion, ground velocity, and ground displace-
ment versus time are presented with and wilhout base line corrections in
accordance with Table IIT.

All response spectra calculations were obtained for five different
damping ratios (O, 0.02, 0.05, 0.10 and 0.20) with frequencies ranging
fram 1 to 120 radians per second. Values were calculated at frequency
intervals of 1 radian per second. Fourier spectra and power spectral
density were calculated over the same domain.

Power spectral density functions were obtained for input durations

ending after each of the 3 sub intervals in which the time domain was

divided.



VI1. DISCUSSION OF RESULTS

A. General - The discussion of recults which follows is presented

for the purposes of (1) demonstrating the impdrtance of the base line

correction, with special emphasic placed on 1ts effect on response spectra

in the low freguency range, (2) demonstrating the importance of the dynamical

instrumental correction on the evaluation of response spectra and Fourier

spectra, (3) comparing the various response spectra, their similarities,

and differences and showing the errors involved when generating these

spectra by approximate methods directly from velocity spectra, (L) explain-~

ing the difficulties encountered in getting suitable Fourier spectra for

accelerograms, (5) showing evidence that power spectral density functions

cannot be used as a meaningful statistical description of ground motion

accelerograms, (€) demonstrating which of the various types of response

spectra can be used most effectively in characterizing ground motion,

(7) sumarizing possible correlations which appear to exist between the

spectral results and the geophysical parameters of ground motion accelero-

grams such as epicentral distance, geology, and source magnitude, and (8)

shoﬁing the magnitude of errors to be expected in the basic results, giving

8 time estimate formula which may be used to indicate the efficiency of the

Fortran program, and finally discussing the advantages of the method used.

Most of the basic spectral results presented in Appendix II1 have been

plotted as ordinates with frequency as the abscissa.

In some cases, these

same results were plotted with the reciprocal of frequency, i.e. period

as the abscissa. However, it is readily apparent that plotting these data

against frequency is considerably more effective in revealing the important

characteristics. For example, when plotting against frequency the peaks
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on the spectral curves are more evenly distributed than when plotting
against period which forces most of the peaks into a narrow region of the
graph. Thus, the following discussion will refer mainly to the frequency

plots.

B. Base Line Correction - Consider first the effect of the base line

correction on the evaluation of ground velocity and displacement. For
each of the 29 cases studied in the general investigation, plots of the
recorded ground acceleration along with its first and second integrals,
i.e. velocity and displacement, respectively, are shown in Appendax ITI.
In many of these cases, the velocity and displacement functions generated
both with and without the base line corrections are included.

Inspection of the velocity and displacement functions generated
without base line correction shows a tendency for these functions to drift
avay from the base line, especially in the case of displacement where the
drift tends to be of the parabolic type. Comparing these<functions with
those generated with the base line correction, one finds little noticeable
change in the acceleration function; however, the corrected velocity
function is zero at the end of the ground motion and the corrected dis-

Placement function shows on the average smaller displacements.

ny

It should be realized that the corrected ground displacement functions

are still considerably in error. This fact may be due to the following
reasons: 1) the zero final velocity condition may have been imposed at
times when the true velocities were not actually zerc, 2) the functional

character of the applied correction, i.e. a parallel shifting of the base

lines, may'not be sufficient for its intended purpose, and 3) the digitized

8cceleration function may itself contzin significant tabulation errors.

(.,
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Since the netl area under the scceleration funciion is nearly zero,
the above mentioned tzbulation errors may be of major importance To check
{his possibility, one component of the Taft 1952 earthquake accelerogranm
integrated twice, thus

163 S b

>d by b different individuals was
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jeading to b different ground velocity and 4 different ground displacement
functions. A discussion of the differences involved due to the tebulation
errors in this case is presented in a subsequent section dealing with
errors. No further efforts were spent on improving base line correction
for purposes of getting more realistic ground displacements, since its
effects on response spectra was of major interest.

As previously mentioned, the bese line correction affects spectral
results principally in the lower frequency range. A comparison of the
numerical results for Cases 1, 2, and 3 (wjth and without base line cor-
rection) shows that this correction influences the results noticeably below
gbout 10 radians/second. This comparison can be seen in Table IV where
ratios of corrected to uncorrected response and amplitude spectra are
presented for three different frequencies using 20 percent of critical

danping in each case.
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TABLE 1V

INFLUENCE OF BASE LINE CORFECTTION ON SPECTRA
(N = 20% of critical)

Case Event ® RDc RVe Ahc ASc
No. Ten rad/sec FD BV AR 5

1 Gnome 2T 3 0.6UL 0.98 0.67 0.71

6 0.8 1.02 0.89 1.17

10 0.92 1.02 0.92 1.28

2 Gnome 37T 3 0.88 0.97 0.90 1.05

6 0.93 0.99 0.94 0.95

10 0.96 1.00 0.97 1.02

3 Gnome LR 3 0.73 0.96 0.8L 0.94

6 1.07 1.00 1.05 1.06

10 1.03 1.00 1.02 1.00

Deviations 3 .25 .03 .20 .13

average 6 .10 .01 .07 .09

10 .05 .01 .Oh .10

The deviation averages given in Table IV show the base line correction to
be more important when generating RD and AA functions than when generating
RV functions. For example, in the case of w = 3 rad./secn, deviation
averages of 25, 20, and 3 percent, respectively, are obtained. The reason
for the larger deviation averages for RD and AA resides in the fact that
both have the same type of functional dependence on the acceleration
funétion a(t), i.e. an integral versus essentially a sinusoiaal function
relationship. Whereas, RV has a different functional
relationship since the above sinusoidal function is replaced by a cosine.
The base line corrections used in this investigation have shown
that RD and AA spectra are sensitive to the magnitude of the correction
in the low frequency renge. Further, these studies have shown that these
Spectra are usually reduced in the low frequency range és a result of
the base line correction. It is expected that the true base line cor-

rection would reduce the spectral response even more.

Al
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C. Dynamicsl Instrumental Correction - Tne instrumentel correction

affects ground motion spectra over the entire Tfrequency range but is most
noticeable for the higher frequenciec. The most sensitive guantity to
this correction is PHS which starts showing noticeable differences at
fréquencies as low as 1/10 of the instrument freguency (see Case 18).
It is followed in order of sensitivity by ST, CT, PSDY and then by AS, RV,
AA, and RD for vhich the instrumental correction tecomes apparent at fre-
quencies as low as 1/2 the instrument frequency (see AA Cases 1, 2, 3, 16,
18, 25). It is naﬂural that the instrumental correction does not shovw
up starting at the same percentage of instrument frequency since such cor-
rection depends on the frequency content of the accelerogram in each case.
The above correction can be observed better by first re-writing the
relative displacement function given by Eq. (3.1) in terms of time dependent

amplitude and phase functions A(t,w) and ¢(t,w), respectively, defined as:

A(t,w) = (€2(2) + s5(1))Y/2 (7.1)
Pt,w) = tan™t §€E) (7.2)

thus, obtaining

RD(t) = éiggﬁl sin (wp, - Bt,u)) (7.3)

It is now apparent fram Eqs} (3°lO and (3.11) that

PHS(w)

Il

Bz ,u), (7.4)

i

£5(0) = AT_0), ' (7.5)

Therefore, PHS represents the phase angle at the end of the record

(t = TO) of the sinusoidal function describing relative displacement.
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These

same considerations hold for AS in relation to the defined ampliatude

function.

for frequencies as low as 1/5 of the

The fact that the influence of instrumental

correction on PHS

frequency that affects AS mezns th

it affects the instantaneous phase function ¢(t,w) more than smplitude

function Alt,w).

shows

o
[S3n4

This observation indicates the importance of the instru-

mental correction when determining the time history response of multi-degree

of freedom systems since correctness of phase

several modes.

spectra are shown in

The effects of the instrumental

TABLE V
EFFECTS OF DYNAMIC INSTRUMENTAL CORRECTION
w = 100 rad./sec.

is essential when including

Table V for the six cases to which this correction

correction on regponse and amplitude

Case — Inst . Damping Ratio = 0.0 Damp. Rétio = 0.2
No. Freqg. RDc RVe AAr ASc RDe RvVe Abc
‘ |(rad/sec) | RD | RV |AA | AS RD | RV | A&

Gnome 2T 103 1.201.1%{1.20} 1.15) 0.75 | 1.17| 0.82

Gnome 3T 56 2.21 (2.8} 2.21 | 3.17) 1.31 1 1.95 | 1.41

Gnome LR, Ls 3.94 | 4.53 1 3.9k | L.s7il 2.08 | L.05 | 2.31

16 Hard Hat L4LLOET L3 4.9115.09| 4.91 | 4,93} 1.65 | 3.93 ] 1.58

18 Asrdvark 1437T 62 1.671 2.3k 1.6712.891.00L|1.75 | 1.06

25 El Centro 4O-EW 63 2.04 | 2.19) 2.0k | 2.2211 1.01 | 1.54 | 1.02

was applied at a frequency of 100 radu/sec. and damping ratios of zero and

0.2.

It is clear from this table, the effects of the instrumental correc-

tion are smaller for the damped response spectra than for the undamped

gpectra.
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However, in making this comparison, ore should notice the frequency range
in which the comparison is being made and compare the frequencies in thic
range witlk the natural frequency of the easuring seismometer. In the
frequency range above the instrument Trequency (eee AA, Cases 2, 3, 16,
18, 25), the effect of the correction decreases in general when the demping
ratio increases. For these same cases, 1t 1s noticeable in Table V that.
the most sensitive of the various response spectra is RV followsd by AA
and RD which show similar effects. This observation i1s opposite to that
found in the case of the base line correction previously discussed and may
also be attributed to the closer functional character existing between RD
and AA as compared with RV.

For frequencies lower than the instrumental frequency (see AA, Case
1), the effects of instrumental correction are not too noticéable except
that frequency shifts of the spectral peaks appear. This latter observa-
tion is directly associated with the observation previously made showing
the manner in which FHS and AA are affected for frequencies below the
instrument frequency and means that phase angles are modified but amplitudes
remain essentially constant.

Comparing the effects of instrumental correction on spectral results
derived from earthquake ground motions versus those derived fram under-
ground nuclear explosions show practically the same characteristic features.
For example, compare Cases 18 and 24 which have almost identical instrument
frequencies. ’

Note, the instrument frequency is indicated for each corrected csse

on the graphs by a vertical line between the abscissa axis and adjacent

Parallel line.
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The effect of tabulation errors on instrumental correction is com-

mented upon briefly in a subsequent section on errorc.

D. Response Spectra - By definition ar

value represents the greatest ordinate (without regard to sign) of its
corresponding time history response function. This value is usually
reached at either & maximum or minimum point in the range 0 < t < TOO
However, in some cases for an undamped system, it may appear st the end
of the interval, i.e. at t = Toa The ground moticn accelerogram must be
truncated, i.e. TO must be selected of sufficient magnitude so that the
supremun is reached at a maximum or minimum peoint within the time interval
0O<t <« Too

The most quickly observed characteristic of response spectra curves
is the fact that an increase in damping readily damps out the rather random
oscillatory character which is so evident in the case of zero damping.
The sharp peaks which are observed in the undamped case are due to the
eiistance of nearly puré harmonic components of limited duration within
the acceleration function a(t) which tend to build up temporary resonant
conditions. One will observe also that similar peaks are present on the

‘

graphs of Fourier amplitude spectra which represent the decomposition of
the acceleration.functions into thelr harmonic components. In the case
of highly damped systems, ﬁhe temporary resonant conditions are not influen-
tial on response because of the ability of the system to dissipate energy.

The ultimate objective of this investigation as well as others is to
Provide average characteristics of ground motions for the purposes of pre-
dicting the dynamic behavior of well designed structures, i.e. structures

“hich have high energy dissipation capabilities. It is generally known
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thgt the energy dissipetion capabllities of structures is the consequence
of numerous phencmena such as those associated with Coulomb friction,
cracking of materials, inelastic deformations,.etc. Of major importance
in limiting maximum structures response is the ebility of a structure to
dissipate energy during its oscillatory motion. In the following discus-
sion i1t will be assumed for comparison purposes that this energy absorbing
capability can be represented by an eqguivalent viscous damping factor of
20 percent.

Inspection of &ll results show that they follow the general
asymptotic trends which can be established analyticelly by assuming ground
acceleration, velocity, and displacement functions satisfy homogeneous

initiai conditions. Based on this assumption it feollows that when

w —®0
Rp(w) = BRH0) _ POMAL) sy a(e)] (7.6)
D t
RV(0) — szp lv(t)l (7.7)
iA—iﬁl — Sup }2x v(t) + w(1 - 2x2) a(t) (7.8)
t .

Moreover, since ground acceleration functions satisfy Dirichlet's condi-

tions regarding maxima and minima and discontinuities, it can be proved

that when w-—» o=

r(w) = ESRHe) _ BSAM() o L gy oo (7.9)
“p w2 w2 t : :
RV(w) — jz Sup ,é(t)l - (7.10) "
Wt S

)

AWa)

7
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AA(w) — Sup |a(t)] (7.12)
t

On &1l graphs of acceleration spectra presented in Appendix I11,
s short horizontal mark has been placed by the right hand border line of

each graph to indicate the intensity of the peak ground acceleration, i.e.

iy

-

Sup Ia(t)i . 1In most cases, the spectral values at these borders are
:zincident or very near the marked peak ground accelerations which is in
sgreement with Eq. (7.11). Good agreement means that essentially all fre-
quency components within the ground acceleration functions fall within the
frequency band 0-120 rads./sec. Poor agreement on the other hand means
significant frequency components are present above 120 rads/sec,

In the following discussion comparisons are made for the 20 percent
lamped case. Table VI shows the similarities existing between AA and
P3AA as a function of frequency, for four cases associated with underground
muclear explosions. The results given in this Table reveal the contribu-
tion of the damping force (when added to the elastic spring force) to the
total inertia force for the 20% damping case.

TABLE VI

RATIO OF ABSOLUTE ACCELERATION TO PSEUDO ABSOLUTE ACCELERATION
(A = 20% of critical)

—_ N
3 Case Event w =6 w = 10 w = 20 w = 40
No. ven (T=1.05)| (T=1.63) | (T=0.31) | (T=0.16)
« | o
-gg 7 Mississippi 1777T 1.08 1.06 1.0k 1.00
g4 10 Mississippi 8228T 1.20 1.10 1.0k 1.01
bk 16 Hard Hat LLOET 1.05 1.07 1.03 1.01
Lo 18 Asrdverk 1L37T 1.12 1.08 1.0k 1.02
1?"‘“
52 Average 1.1 1.08 1.0k 1.01
o 2k El Centro LO NS 1.09 1.10 1.0k 1.06
% 25 El Centro 4O EW 1.09 1.09 1.03 1.09
g 26 El Centro 34 NS 1.11 1.07 1.01 1.02
g a7 Olympia 49 N8OE 1.08 1.19 1.05 1.03
& Average 1.09 1.11 1.03 1.05
\\——‘_‘
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It is observed that the damping force contribution to the absclute accel-
eraotion spectra ranges from 1% to ll%, on the average, as Irequency
varies from 40 to 6 radians per second. For frequencies lower than those
given in Table VI the base line errors can be so significant that the
spectral results contain substantial errors. Therefore, values in tnis
low frequency range are not included. Table VII shows the differences
gxisting between RV and PSRV for the same eight cases. The results of
this Table shows the magnitude of errors introduced if displacement and
acceleration spectra for 20 percent damping are obtained from velocity
spectra in the traditional way as stated by Egs. (2.6) and (2.7) using

the approximation RV ¥ PSRV.

TABLE VII

" RATIO OF RELATIVE VELOCITY TO PSEUDO RELATIVE VELOCITY
(» = 20% of critical)

e e i W T 7 e e R BT i o5t BN i oo TS 3 b e R 8L S 50 i
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Case w=56 w = 10 w = 20 w = 40
No. Event (T=1.05) | (T=0.63) | (T7=0.31) | (T=0.16)
@'3 9 Mississippi 177TT 1.10 0.82 0.90 0.41
gtg‘ 10 Mississippi 8228T 1.71 1.05 0.79 0.83
o 16 Hard Hat LLQ6T 1.05 1.09 0.66 0.50
§>§ 18 | Aardvark 1L37T 1.25 0.97 0.75 0.63
Q
§:§ Average - 1.28 0.98 0.77 0.59
2k | El Centro 4O NS 1.27 1.19 1.02 0.77
@ | 25 | El Centro 40 EW 1.96 1.1 0.72 0.87
g 26 El Centro 34 NS 1.70 1.05 0.70 0.56
B 27 Olympia 49 NBOE 1.54 1.16 0.69 0.89
Kl
§ Average 1.62 l.lé 0.78 0.77

It may be noticed that PSRV £ RV involves two approximations:

a) neglecting the sine function form in the definition of RV, see Appendix

I, and b) replacing the term cos Wy, (t-T) by wy sin wD(t~T). By using

Eqs. (7.6) and (7.7) and letting w —» O, one gets
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RV sup W(t)|

PSRV wy Sup jalt)]

— b oo (7.12)

and using Egs. (7.9) and (T.lO) a8 W —Pp o< , one obtains

RV sup l(w)l
PSRV~ w, Sup [a(t)]

—~
—J
-]
Lo
~

Therefore, it follows that since the ratio RV/PSRV is a continuous function

of w, 1t must take on the value 1 at same value of W, say w At this

1
frequency the functions RV and PSRV must cross. This crossing point

occurs on the average in the interval 6 < wl < 10 for those underground

nuclear explosions and in the interval 10 < w, < 20 for those earthquakes

represented in Table VII. This crossing frequency w. may vary substantially,

1

as can be observed for other cases, for example see the curves of RVXzOOQ
and PSRV)\':O.2 given in Appendix III. The assumption that PSRV = RV can
be made over a frequency range in the vicinity of wl. For zero damping,
this range is much wider‘than for the case of a highly damped system
accepting the same magnitude of error in each case.

It is of interest to compare some of the results obtained in this
general investigation with those given by Housner. The cases in which
such comparisons can be made are the above four earthquakes and in addi-
tion Case 29. Since plots of data against period are available only for
theAfirst L cases, the comparison made herein will be restfiéted to these
tases. Housner's relative velocity spectrum for 20 percent damping is\
Plotted for discrete points on the corresponding relative velocity graphs.
Comparisons will show some general dispersion of values‘of indeterminable
bature. The differences ;bserved in the asgymptotic behavior with increas-

ing period is due possibly to errors related to base line correction or

to differences in the acceleration digitized dats which modify ground

Velocity.
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A comparison of the absolute acceleration spectra (Appendix II1) for
the above cases with Housner's acceleration spectra shows Housner's results
to be on the average lower for Periods smaller than approximately 0.6
seconds and higher for periods greater than 0.6 seconds. This observation

is in agreement with the results of Table VII,

E. Fourier Spectra - As mentioned in Chap. II, Sect. C and in Chap.

III, there are two ways of representing the Fourier spectra: l) The
emplitude and phase spectra (AS, PHS), and 2) the Fourier sine and cosine
transforsm (ST, CT). Consider Tirst the (AS, PHS) representation. By
inspection of the graphs, it can be noticed that AS resembles RV. This
resemblance is a consequence of their mathematical definitions. From Eqg.
(3.4) and for a = 0, one gets

RV(t) = C(t) cos wt + S(t) sin wt (7.12)
A=0 A=0 A=0

Using the time dependent amplitude and phase functions as defined by

Egs. (7.1) ang (7.2), Eq. (7.12) becomes

RV(t) = A(t,0) cos (wt - #(t,0) (7.13)
A=0  A=0 A=0

For ¢t > To’ A(t,w) and #(t,w) are independent of t so

A=0 L=0
sup [RV(t)] = A(T_,u) = AS(w) (7.14)
t>T =0 A=0 .

But from the definition of RV(w)

Sup !RV(t) < RV(w) (7.15)
t>T =0 A=0

TRESESA
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Therefore,

AS(w) < RV(w) (7.26)
A=0

vhich shows that A(w) is uniformly bounded by RV(w).

A=0
By camparing the graphs of AS(w) and RV(w), one can see that the
A=0
points of coincidence of AS(w) and RV(w) seldom occur. It can therefore

A=0
be concluded that the spectral relative velocity is seldom reached, even

for zero demping, &t a time t greater than or equal to Tme ¥Yor extremely

Lo

low frequencies the graphs show that AS may exceed RV which is in contra-

1=0
diction with Eq. (8.5). This apparent discrepancy will be clarified in

a8 later section devoted to errors.

The graphs for PHS represent the principal value of the function
defined by Eq. (3.11). Since there was no practical way of writing the
plotter program so that the discontinuities of magnitude n could be repre-
sented, the plot came out as a continuous curve. This woﬁid not make too
much difference for smooth PHS because these discontinuities could be
recognized. However, typical ground motion accelerograms produce PHS
spectra having very steep slopes which make it impossible to distinguish
between phase discontinuities and the true values of the function. This
fact restricts tremendously the value of the first Fourier épectral
representation (AS, PHS). For this reason only 4 PHS graphs are presented
in Appendix III.

It is more convenient to use the second of the above mentioned
Fourier sine and cosine tranéforms, since it avolds the above difficulty.
To

illustrate the differences between the two representations, Cases 5

and 23 for the spectral results for both representationé are given in



Appendix I1I. These results were obtained for the fregquency range
0.4 - 30 using & time increment of .0l seconds and a frequency increment
of .02 radians/sec.

It would be very desirable to have available a digital computer
progrem which would generate the inverse Fourier transform. With such a
program one could investigate completely the feasibility of using the

Fourier spectral representation of ground motion accelerograms.

F. DPower Spectral Density - Power spectral density plots have been

obtained, togethervwith the Fourier transforsm for Cases 5 and 23. For
each of these two Cases, three PSDY functions were obtained using those
portions of the accelerogram between t = O and t = 1/3 T 2/3 T
3/3 TO, respectively. These three functions were'then used to check the
stationarity property of the accelerogram. Making this check for each
of the above cases, reveals that the three functions do not approach
asymptotically a unique function. It will be noted that when using 1/3 TO,
large intensities of PSDY are observed in the relatively high frequency
ranges while for 3/3 TO large infensities are observed in the low frequen-
¢y ranges. This predominance of frequencies in the high range in one
case and in the low range in the other can be observed directly in the
two accelerograms where high frequency components are apparent in the
earlier portion of the accelerogram and diminish in the latter.

Because of the non-stationary property demonstrated above, the
bower spectral density method of characterizing ground motions produced
by earthquakes or underground nuclear explosions is considered inappro-

Priste,



s o v e s

G. Selection of a Single Representative Spectrum - It would be

very helpful from a practical point of view if the necessary information
to characterize ground motion could be cbtained fram a single types of

spectrum. At this point, therefore, the question is raised, "It any one

of the 5 spectra described herein adequate to describe the important ground
1 £

motion characteristics for structural response purposes?".

To answer the above question, one must of course be aware of the
different kinds of information which the various spectra yield. In the
discussion which follows, any two spectra which cannot bé related by &
simple algebraic operation, such as dividing or multiplying by w, will be
regarded as algebraically independent functions and algebraically depen-
dent spectra will hereafter be assumed to contain the same ground motion
information. According to the definitions stated in Chap. II, Sect. B,
among the 5 spectra only 3 are algebraically indepeﬁdent, say RD, RV,
and AA. Algebraically dependent spectra are RD, PSRV, and PSAA, Accept-
ing the point of view that RV is not directly associated with any design
criterion, one can eliminate it as a possible choice for the one standard
spectra desired. RD represents the greatest relative displacement that a
one degree of freedom éystem will undergo vwhen submitted to a given ground
motion. As such, it could be used as a standard if maximum structural
deformation is a sound design criterion. If, however, maximum total force
within a structural systém is considered a better‘criterion, then AA
should be used as it displays the analog function.

RV spectrum represents the relative velocities induced in a struc-
tural system which cannot be interpreted directly in terms of their effect
on the system. Further, there is no experimental efidence to indicate

higher relative velocities produce greater damage. As previously

Lo
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iscussed, RV cannot be used as a medium for calculating other spectra
vhen damping is important since the errors introduced by using the usual
approximation (PSRV %= RV) may be greater than one can permit. Consequently,

V is disregarded as a possible standard spectra to be used in character-

joe]
=

izing ground motion from a structural response point of view. This
elimination reduces the number of independent spectra to two.,

Now consider establishing an appropriate failure theory for struc-
tural materials. In the dynamic problem of concern here, a velocity
dependent force is usually present; therefore, the total inertia or
dynamic load is not algebraically dependent upon displacement. Consee
quently, maximum inertia force and maximum displacement may not occur at
the same instant; thus, they represent different physical gqguantities.

If & dynamic failure theory is chosen no possibility exists of
reducing more the number of independent spectra; RD and AA will consitute
important independent information. The quasi static failure theory assumes
ﬁhat elastic force, and not inertia force, is the basic cause of damage .
Since elastic force and relative displacement are algebraically dependent
they both constitute a measure for ﬁhe same fact. The RD spectra
represents the greatest relative displacement and PSAA the greatest
elastic force, both maximums occurring at the same time. This viewpoint
requires one to consider the inertia forces when establishing equations
of motion but arrives at the design of systems by limiting the magnitude
of the elastic forces. If this theory is chosen, one needs only one
spectrum, namely, RD to characterize ground @otion, and AA will be irrel-
evant to the problem.

The quasi static criterion is in agreement with the fact that there

1s no experimental evidence which supports the fact that failure depends
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on total force (inertis + damping force) at least during short time
phenomena such as earthquake or blast, Moreover, all mechanical pro-
perties of structural materiels available to‘the designer are obtained
by quesi static test procedures. So, it is reasonable to chose the lest
viewpoint which reduces the number of algebraically independent spectra
to one.

Previously in this section the number of independent spectra from
which a standard might be chosen was stated as 3, namely, RD, PSRV, and
PSAA. However, the previous discussion eliminated RV which automatically
eliminates PSRV as a possible choice. Comparing RD and PSAA spectra, it
is obvious that PSAA is the logical choice.

General properties of PSAAX = 0.2 can be stated as follows:

A. For increasing frequencies, it tends asymptotically to the

peak ground acceleration, i.e. Sup Ia(t)| .

B. For zero frequency, its value istzero.

C. RD can be obtained from PSAA by division by we.

D. PSAA represents seismic coefficient of a single degree of freedom

system (elastic force).

E. A clegr correlation with epicentral distance is evident (see

Sec. H).

H. Correlation Between Geophysical and Spectral Parameters - It

would be helpful if correlations could be established between certain
geophysical parameters (such as epicentral distance, event magnitude, and
types of propagation media) and the important spectral parsmeters. However,
insufficient ground motion accelerogram data exist at the present time

to permit a complete correlation study based on statistical concepts;

e T e P L SR N S SV P Y
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therefore, only a few crude observations suggesting possible trends can be
nade based on the dats Presented herein. Only one of these observations,
namely, the correlation between epicentral distance and spectra will be
discussed. To establish this correlation, the AA spectrum has been uscd
because of its characteristic feature of maintaining significant values
over the entire frequency range. A damping ratio of 20 percent has been
used since it reflects average ground motion characteristics.

Considering some characteristic frequency as the parameter of the
spectrum which is to be correlated with epicentral distance, first one
must define this frequency. For those cases where a single maximum occurs
in the frequency range 0 < w < 120 radians/sec., the characteristic fre-
qQuency is taken as that frequency corresponding to the maximum point.

For those cases where the maximum spectral value occurs at a frequency
equal to or greater than 120 radians/sec., the characteristic frequency is
teken as 120 rads./sec. For those cases which do not fit either of the
ebove, the characteristic frequency is selected as that frequency corres-
ponding to the greatest maximum value.

Characteristic frequencies based on the above definitions along
vith corresponding epicentral distances are shown in Tables VIII and IX
for underground nuclear blasts and eafthquakes respectlvely Observing
the valyes shown in Tables VIII and IX a correlation is apparent, namely

that with decreasing frequencies epicentral distances are increasing.
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TABLE VIII
CORRELATION FREQUENCY - EPICENTRAI DISTANCE
UNDERGROUND NUCLEAR EXPLOSIONS

Case ! ) ~ - Charact. Epic.
No Event ' Freq. Dist.
(rad/sec) (¥m)
15 Hard Hat 10917 120 1.2
1L Gnome 2T 100 1.2
12 Mississippi 9537R 87 1.0
5 Gnome €T 80 1.6
11 Mississippi 7245 R 80 2.0
6 Gnome 7T TO 3.2
13 Mississippi LOTLT 66 3.1
2 Gnome 3T 63 3.2
17 © Aardvark 3773T 58 (1.1)
7 Dannyboy DSR kg (1.2)
L Gnome 4T L8 6.5
16 Hard Hat LLQ6T 45 6.3
3 Gnome LR 4s 6.5
19 Sedan R3 33 (1.1)
8 Dannyboy D8R 15 (2.1)
1k Mississippi LOTALR 13 (3.1)
10 Mississippi 82287 13 6.1
9 Mississippi 17777 8 8.9
TABLE IX
CORRELATION FREQUENCY - EPICENTRAL DISTANCE
EARTHQUAKES
Case | Charact. | Epic.
No. Event, Freq. Dist.
‘ (rad/sec) (km)
28 San Francisco 57 S80E 5k 12
29 Ferndale 41 SLsE 26 33
33 Taft 52 N21E 19 (64)
27 Olympia L49 NE 18 (72)
2k El Centro 40 NS 1k 48
25 El Centro L0 EW 13 48
26 El Centro 34 NS ) 12 Sk

[—
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I. Errors, Computer Timc Estimate and Advantages of Method

A. Tabulation Errors - base line correction error and inctru-

mental correction error. The Taft 1952 earthquake component N21E was
tabulated in this investigation from a contac% copy of the original record
using unequal spaced intervals to define maxima and other intermediate
significant points. The tabulation was madé, using a milimeter scale, by
measuring abscissas on ordinates to the nearest 1/10 of & milimeter. The
first 60 second portion of this record ves tabulated and defined by 696
values with a density of 16 values per second at the beginning and 6
values per second near the end. Similar Qontact,copies of the Taft 1952
earthquake were tabulated with the same procedure by three other investi-
gators using T48, 812, 818 points (Event Nos. 20, 21, and 22, respectively)
for defining this same 60 second pértion of the record.

All four of the above versions were integrated with and without base
line correction giving the results shown in Appendix III. By inspection
of these results, one may notice that 1) uncorrected ground acceleration
graphs look practically alike for all four cases, 2) uncorrected ground
velocities for Cases 20 and 22 are quite similar but they differ consider-
ably with the uncorrecﬁed ground velocities of Cases 21 and 23, and
3)uncorrected ground displacements of all four Cases 20, 21, 22, and 23
differ considerably, not only at particular time values but also in their
Nunctional character. Observations 1, 2 and 3 prove that, though ground
L2celerations may appear practically aiike, displacements are strongly
tlecteq by tabulation errors. Moreover, these errors have such a function~-
‘lch&racter that it is impossible to find a gase line correction method
“Ich can yield{the same ground displacement function for all four tabulated

hcelerations. This proves, in effect, that some of the four tabulations,
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11 supposedly tabulated with the same procedure, have substantial errors
vhich cannot be eliminated by using the same correction method.

Consider now the effect of base line correction on spectra.
Inspection of the used base line correction effects on the four tebula-
tions shows that this base line correction 1) changes the magnitude of
ground accelerations very little, 2) affects ground velocities considerably
nore than ground accelerations, and 3) affects ground displacements con-
giderably more than groﬁnd velocities. Egs. (7.6) and (7.7) show that
supremuns of the absolute value of ground velocity and ground displacement
sre equal to the magnitude of RV and RD spectra, namely defined by the
gbscissa w = 0. The small variation effects in RV and the considerably
greater variation effects in RD as shown in Table IV can be explained in
terms of the above observations regarding base line correction.

Ground acceleration, velocity, and displacement functions are shown
{n Appendix III for all 29 cases studied in this investigation. It is quite
&pparent by observing these functions that important errors due to inaccurate
Qbﬂations are present.

Instrumental correction requires one to know the time derivative
¢! the accelerat%on record; therefore, the tabulatiqn of the accelerogram
Tist accurately represent the function itself and also its time deriva-
“lve, The accurécy of the numerical results obteined using instrumental
*>rrections depends on}the‘ability of corresponding ground accelera£ion
“ulations to represent the first derivative. It should be noticed that
“en checking the base line correction effects, RD should be selected
Y% it is the most sensitive spectra with régard to this correction.
L""""““3!‘, when,cheéking the instrumental correction effects, RV should be

*cted for the same reason.
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It must be kept in mind thatl, unless the scismometer equation (Eq.

h,g) is used which requires first and second derivatives of the record,

ly approximate ground velocities and displacements are found. As a
only 8pF P

onsequence, the tabulation of acceleration cannot contain the coamplete

]

ground acceleration description unless records are improved to evidence
curvature characteristics. To this end it has to be noticed that usual
earthquake recording velocities of 1/2” per secénd are inadequate.
Moreover, it would be Eonvenient to tabulate records at equal time
{ntervals to avoid inferpolation procedures. It is suggested that time
increments be equal to or smaller than .005 seconds for typical earth-

gueke and underground nuclear explosion records.

B. Interpolation Errors - Linear interpolation was used in all results

jresented in Appendix III. In choosing a time interval a campromise be-
‘#een computer time and accuracy of calculations was resolved using S
points per cycle for the highest frequency to be analyzed. As analysis

ves restricted to frequencies in the interval O <w < 120 rads./sec., the

4

L&}
1S

. )
<ie Interval was chosen as .0l seconds. A ) o Feo =

a—— Al |

)
v}
|

<
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C. Plotter Error and Truncation Error - All plots in Appendix III

3“? a reéolution of .0l inch which is the minimum pitch of the digital
SALCoMp plotter. |

Responée speétra analysis was made by truncating acceleration functions
& time TO vhere ordinates become "negligible", i.e. the supremum is taken’
* respect to t over the interval 0 < t < TO. This procedure does not
““lude possible, but remote, spectral values‘reached at t> T . After
fze PT&Ctice, one learns to t;uncate acceleration functi;ns at a proper -

idne with considerably economy in camputer time. The risk in
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trmimeating ground motions amounts to the fact that some calculated spectral
values, in the very lqw frquoncy range, may occur at t > Toc However,
this possibility can be checked by comparing AS with RVX:O since by
Eq.(7.16), one has AS < RV, This criterion allows one to recognize if the
supremum really occurs at a t greater than TOD In case it does, the above
chosen TO is too small, and if spectral values are required in this low
frequency range the calculastions must be repeated using & greater T
Since the low frequency values in this range are always affected by base

line type errors, repeated calculations of this type were not made.

D. Computer Time Estimate - The following formula allows one to

estimate the IEM 7090 computer time reguired for spectra calculations.

Time in minutes is given approximately by

N-.I.T
— 9
80000 - DT
where
N = number of different damping ratios
I= " " " frequencies
TO = lengths of function in seconds
DI = integration interval in seconds

If instrumental correction is used, the estimated time must be
increased by about 30%. For example, to analyze 10 seconds of ground
motion acceleration and plot graphs of 7 spectra such as RD, RV, PSRV, AA,
PSAA, ST, and CT, it will take about 9 minutes of IEM 7090 computer time
rer 120 spectral points using 5 damping ratios and a time intervsl of

.01 sec.
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E. Adventages of Digital Meihod

(l) All spectral functions can be obtained in practically the
same time as required for getting a single response spectrum.

(2) Digital computer prograrming has greater flexibility com-
pared to other methods since by eimply changing same cards the computer
program can be modified.

(3) High efficiency and accuracy are characteristics of the
method. Once acceleration function is read into the computer, all of the

work leading to the graphs themselves are done automatically.

VIII.  CONCLUSIONS AND RECOMMENDATIONS

Based on the data obtained in this investigation and a careful study
of their significance, the following general conclusions have been
deduced:

(1) The base line correction is important and must not be ignored

when generating spectral values in the low frequency range.

(2) The instrumental correction is significant when generating
spectral and time response values in the high frequency range,
i.e. fbr frequencies which are high compared with the natursl
frequency of thé seismometer.

(3) The approximation often made which assumes that pseudo relative
velocitf is equal to relative velocity may be considerably in
error for highly damped systems.

(h) Typical ground motion acceleration functions resulting from
earthquakes and underground nuclear explosions are non-

stationary in character.



N e L TR

WY %

(5)

(€)

(7)

(8)

N1
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Pseudo absolute scceleration spectrum most effectively, of all
the spectra, characterizes ground motion accelerograms.

The acceleration spectra show that & correlation exists between
epicentral distance and the frequencies at which large spectral
values are obtained. This correlation shows & decrease in the
frequencies with increasing epicentral distances.

The digital computer progrems developed in this investigation
for computing response and Fourier spectra of ground motion

accelerograms have proved to be accurate and efficient.

Response spectra for accelerograms resulting from undergroundg

nuclear explosions should be interpreted and used by structural
engineers in the same sense as they now interpret and use

earthquake response spectra.

In the interest of aiding future research the following recammendsa-

tions are made:

(1)

(2)

(3)

Studies should be made for the purpose of establishing whether
or not an eguivalent viscous damping approach can be used to
predict spectral response of a singie degree system with high
non-viscous energy dissipation.

If the equivalent viscous damping factor approach -could be shown
to be feasible for the single degree system, further study would
then be needed to extend this approach to multi-degree struc-
tural systems and to e§tablish correct equivalent damping
factors. : ] -

It has been shown in this investigation,that the generation

of accursate response spectra is sensitive in the relatively

high and low frequency ranges to the accuracy of the digitized



accelerogram data used; therefore, every effort should be made
to improve digitizing prpcedures.

(4) Recording techniques should be improved to obtain better descrip-
tions of ground motion acceleratioﬁs, i.e. better definiticns
of slopes and curvatures of the recorded function are needed.

(5) Research on base line correction methods should be undertaken
to minimize spectral response at low frequencies.

(6) For establishing correlations between spectra, magnitude of
event, and geology more planned-accelerogranm déta should be

obtained.
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APPENDIX 1

SUMMARY OF FORMULAS

\ |
a(7) ¢ M(t -T) sin wy (t -7) at I

2w(t-T)
f a(7) e (cos Wy (t-7) - 2" sin Wy (t-1))at [

56

wD f a(T) e’kw(t_T%(l-}\,'g) sin wD (t-—T) + 2}\: cos wD (‘t-—T>)dT/

o]
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APPETIDIX 2
RESPOHSE FROGRAM - RESP 3F/ FORTRAN II
I. DESCRIPTIOW

Given the acceleration function, the program allows the calculation

of :

1. The velocity and displacement of ground motion.

2. The Pourier spectra of the acceleration function (sine transform,
cosine transform, amplitude spectra, phase spectré), the povwer
spectral density, and the response epecira of the acceleration
function (relative displacemenﬁ, relative velocity, pseudo-
relative velocity, absolute acceleration, pseudo-absolute
acceleration).

3. The time response of a single-degree of freedom system to be
given acceleration function (relative displacement, relative

velocity, absolute acceleration).

II. OPERATION

Initialization

First, the computer reads a contfol card which allows different modes
of opérationp The second data card specifies the input FORMAT. The third
d&ta‘card specifies the output FORMAT both on BCD tape and the print state-
ments of the first part of the program. The fourth card contains & Hollerith
field for identification purposes and & numerical field which specifies
the number of points of the input function. After the fourth card, the

function is read into the computer. There are three ways in which the

input function can be specified, namely:

St e G L i ool e S e L



monotonically increasing abscissas).

Function may be punched on cards

S o o A 1 bt N S

siving abscissas and ordinatec
> & o

consecutively (cgntrol card NF =

1).

B. Function may be punched on ceards
only for those functions defined

(Control card NF = 2.) In this

giving the consecutive
at constant time increments.

case an extra card must be

placed in front of the function deck to specity the origin of

ordinates, scale of ordinates, and size of the increment.

In

this case the input cards are printed using output formatb.

C. PFunction given in BCD tape by its abscissas and ordinates

(control card NF = 3).

A call to the position subroutine allows

the camputer to select the tape unit, the files that must be

skipped before the record at which the function begins (control

card NQ =

records to be skipped).

logical tape unit, N1 = files to be skipped, N2 =

In all three cases the function is printed. (Called reduced function).

The program then proceeds to check for illegal abscissas (non strictly

In case of illegality, it prints a

message specifying the point at which the error occurs and calls exit.

Next, the computer calculates the supremum of the glven function and
‘—-—.——-.._.__

prlnts it together with the point number at which it occurs.

Now one has the option of reducing the function to maximal points

(maximums and minimums only, throwing the rest away), (control card NA =

2).

Then, the reduced function is printed.

The nexp‘card/épecifies the time interval, the initial velocity,

the initial displacement, initial Fourier cosine and initial Fourier sine.

Usually, the four last quantities are zero,

so that the time interval

is the only number to be specified leaving the rest of the card blank.

i KT o e
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Interpolation Procedure

There are four options for the interpolation procedures:

A. Linear interpolation: Control card NA = O.

B. No interpolation: Can be used only if fhe acceleration function
is specified according to the second procedure (i.e. case B
above), (control card NA = -1).

C. Binuscidal interpolation:

1. Sinusoidal interpolation of the given acceieration function
(control card NA = 1).

2. Sinusoidal interpolation of the reduced function to maximal
points (control card NA = 2). So the option of reduced

function to maximal points always requires sinusoidal inter-

polation.

Correction Procedure

There is provision for correcting the given acceleration function for
zero final velocity. This correction performs a parallel displaceﬁent
of the ordinates axis of the acceleration function such that the total net
area of the function is zero. Whenever this correction is implied (control
card NC = 1) it prints out the acceleration error = Vfinal/(tfinal -
tinitial). Next, the computer calculates the suprémum of the interpolated

acceleration and prints the supremun.

Double Integration Option

The velocity and displacement functions are calculated by trapezoidal
and Simpson's rule respectively, and the supremum of each are calculated
and printed. Provision is made for printing the two integrated functions

if desired (NP = 1 or NP = 3.on control card. See description of control
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card at the end). Provision is also made for writing on tepe the two

integrated functions (control card NW = 1 or NW = 2).

Response Calculstion

The computer calculates the Fourier and response specira (control
card ND = 1) or the time response (control card ND = 2). The néxt card
specifies the printing FORMAT following by a card sﬁecifying the tape
FORMAT . The next card specifies the number of and their values of the
different demping ratios. When calculating only Fourier spectra and pover
spectral densities, the damping ratio is zero. Only one demping value is
used in this case. Next card specifies the initial angular freguency, the
increment of angular frequency, the number of different angular ffequen—
cies and the number of points at which the time response is desired. This
last value is set equal to 1 for spectral response. In the case of time
response, this number (equal to N) indicates the number of points at which
the response is desired and divides the time domain of the given accelera-
tion function into N equal intervals.

Next ecard specifies the instrument period and instrument damping
coefficient if instrumental correction is desired. If instrumental
correction is not required, this card should contain blanksi When using
the instrumental correction, the control card allows one to choose a
2 point formula (NO = 1) or a 5 point formula (NO = 2) for calculating
the initiael derivative of the acceleration functioﬁ which 1s needed for
the instrumental correction. . If the given acceleration function has zero
initial derivative this parameter can be seﬁAequal to zero (NO = 0).
Options for printing the response are NP = 2 or NP = 31 see confrol card. '

If one wishes to write the response on tape, let NT = 1. A provision is
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made for repeating the entire progran as many times

s S0 L e ot

as desired wi

th differ-

ent data (control card paremeter RE), T 2 new function is to be reaqd in,

its value should be 2. If new calculations with the same function are

required then its value should be 1.

(-) sign in front of the numerical value of RE.

Control Card Description

1 Cards (see I1A)

L (where L is the logical number of input tape)

NF = {2 Cards (see IIB)
3 Tape (see IIC)
NQ = {O (no input tape is used)
Nl =
N2 =

NT = {O (if no output tape is used)

Number of files to be skipped in input tape

Number of records to be skipped in desired file

M (where M is the logical mumber of output tape )

Exit is provided by placing & minus

Functions of the first part of the program when written on output tape

are controlled by:

Given function

Interpolated function

lst integral

0 no
MW= {1 yes
2 yes

no

no

yes

2nd integral

no

yes

yes

no

yes

yes

Functions of the second part of the program when written on output tape

&re controlled by:

0 Does not write on output tape

NW2 =

1 It writes on tape M the spectral‘response or the time response




NP

NA

NC

NI

NO

i

No print

Prints integration (vorks only if NI = 1)
Prints epectral response or time respénse
Prints both

No interpolation (works only for NF = 2)
Linear interpolation .
Sinusoidal interpolation

Same but using only maxima and minima

No correction

Zero final velocity correction

Does not integrate to give lst integral and second integral

of accelerogram
Calculates both first and second integrals

Does not calculate response spectra or time response
Calculates response spectra
Calculates time response
Zero initial derivative
Works only if instrumental
2 point formula derivative correction is used.
5 point formula derivative
Reads a new function and does not repeat
Does not read a new function and does not repeat
Call exit
Does not read a new function and repeat
Reads a new function and repeats-
No time given

Time printed

T R TR
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. FORTR AN
¢RESPIF TT/01/8% VICIOR JESSOHMCED - RESPONSE PROGRAX
<
Iy GIVEN THE ACCELERATION FUNCTION [T CALLULATES, 169
577
e lom THD VELOCITY AND DISPLACEMERT OF TH{ MDTIOK
I 2e- THE FOURITR SPECTRA OF THE ACCELFRATION FUNCTION (51K TRANS sy
¢ ML TRANSFORM, AMPLUITUDE SPECTRUM, BraSE SPECTRUM, DOGWER SPECTRAL DENGITY) :;2
I AND THE RISPONSE SPLCTHA OF THE ACCELERATION FUNCTION {RELATIVE DISPLACE-
. MENT, RELATIVE VELOCITY, PSEUDORELATIVE YE(OCITY, ABSOUUTE ACCELERATION, 579
¢ PSEUDCAREOLUTE ACCFLERAT{ON) 576
¢ 3.~ TIME RESPONSE OF & SINGLE D(C FREECOMOM SYSTEM TO TME GIVEN ATCFLT-
¢ RATJON FUNCTION IRELATIVE DISPLACEMENT . RELATIVE VELOCITY . ABSDLUTE ACCE-
577
I LERATION
97
DIRENSION 157
TUEAOORT THAOND T (A TECNHT  VIERNAA) 2 DEANNN T EMARTEAART dEMAV 67N, E
2EMADIEID0T Y {60021, LI 3000171130001, ¢
AROII000 I RVELONGC PSSO Y {1060 2 RAALIN0N)»5THID00)«CTHINOND L FTIMEI000), . T
AFTPLIDCCTIWEIN0T,,TDIVIZ00N) . )
BFMIL16) aFMOP L1412 FMOT 161 4FMOI41,R110}
COMMON
TUsTaA,
2V EMARLEMAD JROLRY \PSOY ) AA5T4CT, ¢
DL EMAVAYSUUL TTAF THETR W, 101V, roi
AFMI L FMOP JFMOT ,F MO R &
EQUIVALENCE 1017
LAV EMAAY AV EMAD ) o (VRO 15 (VIIODIIeRY I (VIZ00L 1 aPSDY 154V 130011 AR
2EVER00L1,5T e fVIB0nt Ty
BUOPEMAVY S ID,Y DU S D L3601 T T3 (D FTM) L 1DL100Y1,F TR, (D200
AW D3NN, IR IY) A
NT1:6 1019
< INITIALIZATION
91 READ 20%sNF s NQ ML o N2aNT JNw y Nw2 (NP cNA RO NT W ND «NOWNRE L NT |
PRINT20GNE 3 NO NT SN2 oNT y W NWZ o NP NA NS (NT  ND W NO W NRE N T 22
209 FORMATI4N] TlstH 1. 38 12, 34 T2ehH Tlran Tletn
1 11s0H 1134 12 »4H lyan TroeH 1leen T1s3H 12, 23
2hH 198
CALL TIMEOINTI) . 2
100 FORMATIG6H 834
1 LN
NREP=XABSF (NREY 924
TE(NREP-111701,7094105
105 READ  BOZsIFMI(1)ei=lsla)
803 FORMAT(14AS8)
PRINTII34stFMI(T 3301 ea) 25
3 4
1134 FOPMAT(IX14261 aze
READ BO3+(FMO(T),]
PRINT 1134,(FMOLT) 625
READ JOOINMAX 20
PRINT 100,NMAX
C
< INPUT SELECTION 1020
GO TO {730,79748011 4NF 121
801 REWIND NG
CALL POSITT{NG2NIZNZ}
READ IRPUT TAPE NOWFMI,(TUNIsUINYoN=1NMAX Y
CALL TIMEDINTI 10
GO TO 208 104

196 FORMAT(SH E15.8,5H £15.845H E15.8)
T97 READ 7964¥Y0 »5CL4DTH
PRINT 795:Y0+5CLDTN
READ FMIL(Y{T1alx]NMAX) 114
PRINT FMO» 1Y (112121 aNMAX)
DO 794 131 NMAX
YtI)=Y(l)-Yo

LV ISREASE S
Utlys5CL#utty 29
Els=1 ™

796 T{Its(E£1-1.0130FN
PRINT 793 269

793 FORMAT (318H1 REDUCED FUKLTION)

60 1o 208 . 31

T30 READ FMIS(TINI2UINT N1 NMAX)

208 PRINTFMOETINISUINY oN=1 NMAX) 1955
CHECK FOR REPEATED ABCISAS ;gg
Br-1,0
DO 10 N=2+NMax
TF ITEN)~TiN-11111s21010 1800

11 PRINT 1034N,TINI,TIN-1)
103 FORMAT(12H ERROR AT T(1442H)2F6.,2/19H PREVIOUS TIME wAS F§,.2) 951
B=1.0 587
10 COMTINUE
1Fte113.12,12 701
12 Catt EXIT 26
SUP LU}
13 5UPU=0.0 1500
NSUPUxY

DO 7 Nz],NMAX
IFLABSFIUINY 1-5UPUY T27,267

267 SUPU=ABSFIUINI) (4
KSUPU N 763
T CONTINUE m

PRINT $5645UPUINSUPY
3%6 FORMAT{1OMO SUP(A1#E20.6710M AT N sl20)
WOT TINILUIN)
IFINY194,94,96
36 1FINT1195.95,94
95 REWIND NT 27
NT1x1
94 [F(NW-1170%,700+700 EY]
700 CORTIAUE
WRIYE QUTPUT TAPE NT,1004NMAX 1932

Sraliomeiris s i, i R B

WRITE QUTOUT TAPE NI FMOL{TINILUINT sNal MMA L)
END FILF NT

REDUITION 10 MAxXIsMAL POINTS
IFING-1)1730.7185%72

L

LESY

UL T U

TretasTeyy

TF LU 21~ N L ) B G NS L = (N 115763574 ,57
Fetsl

(USRI TS

Tite)=Tihely

LSRN

TFINMaX —h-11%764576,%73

HbAXa Y

=]

DO OSTT M) NWAX

IRV St

TINI=TTin)

Kevo]

CONTIRUE

PEINT 47

FORMAT(LZH] RECUCED FUNCTION TO Max,
PRINT FMIL (T EMI BUINT (N2 iNPAXY
FORMET v F14.9:3H E1Z4%+%1

INTERPOLATION

READ  J22+DTaVICIFCLFS
PRINT 162:0Tav1 DI 4FCoF5
CALL TIMEDINTLS
IFiIN2IIN1£.1019,1019

AVOID INTERPOLATION
DG 31N17 Moy, NMAx
A(Mi=UiM)

CONT 1 HUE

MMAX = A X

GG 1O 1020

LINFAR AND SINUSCIDAL INTERPOLATION
MMAX= (T ONMAX Y =T (111/DTs}.n

LR}

DO 20 M=lsumayx

EpzM
TFATINI-TE )~ (EM-1.01%DT122+23025%
NaNay
PFATIN)=TE )~ (EM-1,01%0T 122523424
AtMI=ING

6D 1D 2n

TFIRA-11B24 524,524
WEIUINI=UIN=13) 74 TEN = T{N=1 1)

GC 10 2%

UM (UINI*UIN=111/2.0

UL=LUEN) =UIN-11372,0
TM={TINI+TIN-1)1/2,0

TL=ATEN) =TIN-1Y)
TFINA-11825,925%.92%

ACHISCEEM- ] om0 = { TUR-11=T11) 1) $waJIN-11

GO To 20
A(M) =UM+UL#SENF L CIEM-1.018DT~TM) #3,1418927/11 ¢

CONT I NUE

ZERD FINAL VELOCITY CORRECTION
IFINC-1)731,721,731

CONT I NUE

Vil}=0.0

X0F=pT/2.0

DO 30 Ma2.MMAX

VMY =VIMe1 4 XDTRIA (M1 4A M)

FORMAT(29H FINAL EARTHOUAXE VELOCITY V(la,2W1=£12,5)
PRINT 104 MMAX Y (MMAX)

EMMAY MM ax

DA=V (MMAX ]/ { (EMMAX~1.0)*07T)

FORMAT (23H ACCELERATION ERROR 0A=£12.5)

PRINT 114,04

SUPA=0.0

MSUPA=]

DO 29 M=1,.MMAX

A(M)=AIR)~DA

00 3] M=l,vMax

IFCABSFLA(M) 1-SUPA)IIL1 4314269

SUPA=ABSF(A(M))
MSUPA=M

CONTINUE
1F(NP~11951,950,19%0
IF NP -231951,951,9%50
FOQRMAT {30M]

PRINT 126

D0 1400 Mz}, MMAX
EM=M-

EMAA(MizEMeDT
PRINTFMO, {EMAA (M) oA (M) sM=] ,MMAX |
PRINT 3574SUPA,MSUPA

FORMAT{10HO SUP(A}=E2N.6/10K AT
TFiNW-23761,701:701

CONT INUF

WRITE OUTPUT TAPE NT,128

DO 1500 M=]1,MMAX

EMrMe]

EMAA (M} 2EMSDT

WRITE OUTPUT TAPE NTFMC, [EMAA(N) (A(M) M) ,MMAX )
END FILE NT

EQUIDIVIDEN FUNCTION)

o ={20)

DOUBLE INTEGRATION OF GIVEN FUNCTION
TFINT~13713,47112713

Vilysvl

XOTwDT/2.0

SUPYa0.0

MSUPY=1

DO 32 Ma2,MMAx
VIMIaV(M-1)4XDTS{A[{M=11+A(M]}
TFLABSFIVIMII~SUPVIZZ 432,271
SUPVSABSF V(M)

MEUPY M

CONTINUE

IFINP-11953,352,419%2 N
IFINP~21953,9%3,9%2
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1954
254

1402

955
359

703

149

1502

713

122

602

N e

-

s S i

PRINT jag
DO 140) Me] mMAx

Emem.y

EMAVIMIaEMeny

PRINTFMG . CEMAVIM) 4V (M] M Muax)

PRINT 858,500y, MoyDy

FOUMAT (10n  SUP (Vs 2n.67100 AT W =120
TFiMw=-11T12,102.702

CONTINUE

WEITE QUIPUT TAPE M7,]e8

FORMAT (24 ] FIRST INTEGRAL
DO 1901 Msp,muax

EMapio]

EMAV (M} 2ERe5T
WRETE QUIPUT TAPE NY.‘“Q-&EHAV(M)»V(‘HyH‘).MP‘A!]
END FILE NT

Othi=Dt

YOT=nT/3,0

SUPCen.0

LsuPnx)

DU en Ma3.mMax,7

LrfMazr/
O!L)tG‘L—I)*YCT*!V(“'?]"*.O'VIP“I)*VlN!Y
|F(AHSF(»DILH»SUDEJH.QM:O:Z7?

SUPD: ABSFIDL )}

LSiPrey

CORT I NuE

L™Axal

FEANP-11955,99451954

TFANP-21955,955,954

PRINT 149

DO 1402 Me3,imax
Epamay

TMADIMI=2  02nTaru
PRINTFMO) LEMAL %),
PRINT 959, 5U80,1 5. 00

FORMATLIOND  SUPINY=F20,6/10H AT L =120
TF{NW-11713,703,703

CONT I RUE

WEITE GUTPUT TAPE NT,14%

FORMAT 2%m] SECONT INTEGRAL Y

DO 1502 ™al,tmax

EM=by

EMAD (M) 22,0807 #5 M

WRITE QUTPUT TaRE NT o FMO2 TEMAD (M) 4D(M) JMe L, MAX}
ERD FILE NT

CALL TIMEDINTI)

MiaMal,LMAax)

RESPONSE
TFIRD-1189,722,722

READ 803, (FMOP(I).ls],1%)

READ  BO3«(FMOT(]), Pla)
PRINTI136, (FMORIT ), rla
PRIRTLI34.CFEMOT (T 2140
FORMATHM tz Floba3m

Flets3n

13K Flabs3H Fleut

READ  1224NRMAX S {RINT) JAR=] yNRMAX |
PRINT T22Z3MNRMAX 4 IR {NR) 4NR =] ,NRMAY )
FORMAT! 4M Elb6a%, 4H E16.5+5H I53.5M 15)

REAU 132 WMIN,DwoIMAX, JMAX
PRINT 132, WMINJDW,IMAX, JMAX
FORMAT (54 €£15.8, 54
READ 133,478,855
PRINTI33,TS,E5 e
IFtT5)6021602.60]

P56.2831853/75 e

AD=LOGFLES)

R5=AD/SORTF19,B69606s+A0%40)

MMMAX = {MMAX -1 ) /21904 ¢

D2x 24,0007

TF(NO=~11142,3

DERAY=0,0

GO 0 &

DERAL=(A{2)-A113)/DT

GO 10 &
DEEAlxt‘S0.0'A‘l7‘96.0'A(2)'72.0'A(!)*3Z.Q'A(B)~6-O'A15))/DZ
H=DT/3,0

DO 89 NR:=1,NRMAX

RR<SORTF L], 0=RINRISRINTY )

RRR=RINR1/RR

R2w2,0%R(NR)

W{llewsiN

DO 88 I=1,1max

Era=11-1)

Wiliaw(l)eElARDy

WO=w(1)sRR

D1xwD*0T

HW=HEWT)

RWSRINR)SW(]}

TFUTS18044606,603 '

P52xpSeps
AAA-!.O-Z-O'WS'ﬂilps*thlRN-VDOHDIIPSZ
BBB*2.0%WD®(RS/PS-RW/PST)

D2PS2sD2eP s an

CCCHI2.00RS/PS-RW/PS2) /1

DDO=WD/{PS24M)

EEE}:DEQA]/(PSZ'H"CCC“(1?

EEE2zA(1)20DD

RWOT=RwWeDT

HlsH/wD -
EXPL=EXPF{RWDT)

EXP22EXPF (2. 0%RWDT)

ELE

CCwrC /M

S8=Fg /M

SiMax=0,0

RVHMAX=0.0

AAHMAX 20,0

C0s3+1.0

SIN3I=0.0

COSP12COSF(DT)

SINDI=SINFIDL)

0D1#2.0%01

€OSD2=COSF 10D}

SINOZ=SINF(DDY)

DO 85 Mx3, mmMaAx,2

EMAeM-}

COS1=¢0s3

E19.8)

FTabs3H Flaks

HUB R SR+
CCrfetams™agrn R L L R P
5'-4ﬁ&~n¢~—?»-»:~!>/5»l7‘»«.n‘A,~.;~.\,~f‘,{,b)A.‘“ sy
TFETS 695,890, 09
£%) FEF1efryy/ix0;

EEED=£FF2/px0p

TEUMCMMM AL 149,494, 094
£91 ffF‘17.0'&1“‘?!—}A,Qﬂ‘[~«)}0]¢.Q'Al~¢}y-;.ﬂi‘tn,;,!,>;s>;,(/’ngﬁh>

[N R L0
694 FF?:vk.ﬂ'ﬁ;v«h>-72.C'AIN~37‘7;.G!AA~-I:Aqx,cvggh i aprm s
TL20L240Ccmnrm,

695 OOGrDnNra (M,
{rxAAAO’(-qnﬁcgg.rfrcfﬁ(\oaﬁﬁvtggw.r;v\
SRR B R AT A FFF AL INY-0GUR s anpry )
GO 1O 897

890 CF=il
SFe5%

692 S1SIRIRCECOL30GT
Cl:(ﬁ&“lfiA']N)!(Jr
RVH-C -Bskeg)

1/RR Py y

AARME X5 o f A
SO Yo 86
B8O TFLAUSE 151)-51%AX) 71,71, 70
7O SIMAx=zafSF 1ey;
T1 O IFCARST IRy -RyHMAX 172,73, 75
72 RUMMAXZARSE IRy
T3 OTFCARSE L RAMI - AAHMAR 186,84, T4
Th BAMAX=ARGE (Aan)
86 IFU(ND-1189,986,987
9BY Eu=y
EMMMAY M Ay
EUMAx =z My
PEAEIR iEMMMAX- L0 -F MaXRTMAL 85,580,585
98¢ IP(J'(M”%AX>)1—J“AX*1“~11)50~5015‘
(SR 2 N2 ) MEBDT
Td=ls0g-1yeimax
RO (1Jy=sHIssiMax
RY (1) =H2RVHMAX
SRR Ty TR AAMA X
ST tldy=sFem
€T t1Jd)=0Fen
EEYY=ST (I 15T Ol a)eCT I aCT o]y
FIM{IJ1=55RTF (XxYY)
TI2X2642831853€ 101V}
PSDY 1L =XXYY/TTxx
FIPCI )= ATANFISY (LN ¢CT 1y
82 Jsus)
85 CONTINUE
88 CONTIRUE

< RESPONSE QUTPUT

TF(ND~118%9,1660,166]
1660 K11=JMAX
LllsTHax
GO TO 680
1661 K1l=yMax
L1l=gmAy
860 DO %05 K=1,k11
DO 506 t=1,111
IFIND-118%,1760.1761
1760 J=K
=t
GO TO 1750
1761 [2x
J=L
1790 TJd=rst -11e1mMax
PER=4,2831853/w( 1)
PSRV=RR*W( [} %R0 1))
PSAA=WI[1#PSRY
TFINP-211700,2134213
213 IF(L-1189,997,9958
997 PRINT 2114NR,R(NR)
211 FORMATI20H]  DAMPING RATIO R(12+2M)2F 7.4 61H T0Iv, PER, W, RD, RV
1» PSRYs AL, P5Aks PSDY. ST, £T, £IM, F1P)
998 PRINT FHOP-YDIV(JD'PER.H<II;RD(IJ);RVI]J‘.PSRV
1?50?1IJ)vSTi!J).CY(IJ)-FYM(lJ).FYPllJI
1700 TFINW2-1)506,333,3121
333 IF(L-1189+500,504
500 WRITE QUTPUT TAPE NT»211sNRsRINR)
304 WRITE QUTPUY TAPE NT.*NOT.TDIV{J).P(R.H!I).RO(lJ).&vsXJv.Dsnv
lAA(lJI-PSAAvPSDV!IJI.Sf(lJ\-CYllJVvFTN(lJ).FTP4lJi
308 CONTINUE
TFINNZ=115%505+3345334
334 END FILE NT
805 CONTINUE
89 CONTINUE
CALL TIMED(MTI}

SRACT ST aPSAR,

ENDING
TFINREIS0490,91
%0 LF (NW+NW2~13716,706,708
706 CONTINUE
CALL REWUNL {NT)
716 CONTINUE
[F(KOI1701,1701,1702
1702 CALL REWUNL (NG
1701 CONTINUE
CALL TIMEDINTE)
CALL ExIT
EnD

FORTRAM
SUBROUTINE TIMED(N}

f

IFENIL4152

CALL TIMEtA)

Beta-2))e40.0

PRINT 3,A.8

FORMAT(12M0ABS, TIME 2F8a2,21H MIN

~

REL. TIME =F8,2,84 SEC/,

"
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APPENDIX 3

List of Graphs

Ground Accelerations - Underground Nuclear BElasts (UNB)
- Barthquakes (EQ)

Ground Velocity - UNB
- EQ
Ground Displacement - UNB
- EQ
Relative Displacement Spectra - UNB (F¥)
- BQ (F)
- UNB(P**)
- EQ (P)
Relative Velocity Spectra - UNB (F)
- EQ (F)
- UNB (P)
- EQ (P)
Pseudo Relative Velocity Spectra - UNB (F)
- EQ (F)
Absolute Acceleration Spectra - UNB (F)
- EQ (F)
- UNB (P)
- EQ (P)
Pseudo Absolute Acceleration Spectra - UNB (F)
- EQ (F)
Fourier Amplitude Spectra - UNB
. - EQ
Fourier Phase Spectra - UNB, EQ

Sine Transform, Cosine Transform - UNB
Power Spectral Density - UNB

Fourier Spectra,- EQ

* Spectral quantities are plotted against frequency.
*%  Spectral quantities are plotted against period.

oo
E7-74
TG-E0
81-&
Gu-9
9h-102
1032-164
107-112
113-11k
115-114
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118-123
124-125
126-127
128-129
130-132

133
134-139
14o-1h1
142-143
14L-14s

146-148
149

150-155
156-157

158
159
160
161-162
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