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ABSTRACT

A complete spectral analysis of 11 accelerograms recorded 
during Nicaraguan earthquakes, for the period October 1967 - 
January 1972 has been made.

Accelerograms were subjected to preconditioning as 
regards: time scale, amplitude and the location of the zero
base line.

The relative displacement, relative velocity, and absolute 
acceleration response spectra for each one of the Nicaraguan 
ground motions were calculated. In order to know the influence 
of damping on the response of one-degree-of-freedom structures, 
the spectra for 0.0, 0.05, and 0.10 damping ratios were obtained.

With the purpose of determining, the important part of the 
accelerogram, Ariasf Intensity and root mean square acceleration 
were calculated for each ground motion record as a function of 
time. It is concluded that Arias1 Intensity is an excellent, 
criterion to determine the important part of the accelerogram.

The influence of the base line correction in response 
spectra was studied. it was found that base line correction 
should be made to ground motion records, especially in the 
presence of accelerograms with short duration, in order to 
avoid substantial errors in the response spectrum amplitudes.
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Autocorrelation functions for all the accelerograms 
were calculated. It was observed that the correlograms do not 
show the influence of predominant sinusoidal components due 
to ground response.

The Fourier amplitude spectra for the acceleration of 
the ground were computed for all the Nicaraguan earthquakes.
It was observed that, in general, there are dominant peaks 
for periods less than 0.6 seconds, i.e., relatively short 
periods.

From the spectral analysis of four accelerograms recorded 
on the 15th floor and basement of a bank building in the period 
1967-1972, and from dynamic measurements made to the same 
structure after the Managua December 23, 1972 earthquake, 
it is concluded that buildings may get structurally weaker 
after they are subjected to seismic forces.
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INTRODUCTION

In order to analyzev the behavior of structures subjected 
to earthquakes, it is necessary to know certain characteristics 
of the ground motion during an earthquake.

Accelerograms are records of the ground acceleration as 
a function of time for three orthogonal directions. The 
analysis of accelerograms requires digitizing the record.
It also requires some common sense preconditioning to incor
porate knowledge of events not shown on the record.

When the motion of the ground is known, it is sufficient 
to obtain the response of a structure with one degree of 
freedom to be able to determine the response of linear 
structures with several degrees of freedom subjected to the 
same earthquakes (Hudson, 1956, 1962; Caughey, 1962, 1965).

Nicaragua is a country with high seismic risk. Managua 
is its capital city. It has numerous active fault zones 
beneath it. The Managua December 23, 1972 earthquake prac
tically destroyed the city.

The present study is an attempt to study the ground 
motion and response spectra to help civil and structural 
engineers to obtain seismic coefficients for better design 
of structures in Nicaragua.

1
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In this work, a complete spectral analysis of eleven 
accelerograms recorded during Nicaraguan earthquakes in the 
period October 1967 - January 1972 is presented. Only one 
accelerogram was obtained for the December 23, 1972 event.
Its spectral analysis was already made and published elsewhere 
(Sozen and Shibata, 1972).
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METHODS OF ANALYSIS

As it was mentioned before, all the accelerograms available 
in Managua, Nicaragua, in the period October 1967 - 
January 1972 were analyzed. Given the scarcity of studies 
concerning past Nicaraguan earthquakes, a complete spectral 
analysis was considered useful. A list of all the Nicaraguan 
earthquakes studied in this work is given in Table 1. The 
total duration of each one of the horizontal components of 
the accelerograms analyzed is presented in Table 2, where 
the maximum horizontal acceleration of each event is also 
given. Sample accelerograms are shown in Figures 1, 2, and 3.

The accelerograms were digitized using the Calmagraphic 
equipment described in the next section. In general, a 
portion of the record was digitized starting at the beginning 
of the trace and ending at a time beyond which the accelera
tion of the ground was very small. This was done in order 
to study the relationship between event duration and response 
spectra. It was my intent to find a suitable criterion to 
determine the record length which is necessary if significant 
errors in the computation of response spectra are to be 
avoided.

For every accelerogram considered for its total duration, 
the following were determined:

3



T-1781 4

i) Base line correction 
ii) Relative displacement, relative velocity and

absolute acceleration response spectra 
iii) Determination of the earthquake duration:

a) Root mean square acceleration as a function 
of time (r.m.s. acceleration)

b) Arias* Intensity as a function of time (1^) 
iv) Influence of the duration of the earthquake in the

response spectra 
v) Autocorrelation functions. Correlograms 

vi) Fourier amplitude spectra (Fa)
The ground motion records were obtained from the United 

States Coast and Geodetic Survey, U.S.C.G.S. and the 
Universidad Nacional Autonoma de Nicaragua, U.N.A.N.. 
Characteristics of Nicaraguan strong motion instrumentation 
used to record the earthquakes studied and site locations 
are shown in Table 3. The accelerograms were analyzed on 
the PDP-10 digital computer from the Colorado School of 
Mines.
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Frequency and Phase Characteristics of Accelerographs

The frequency characteristics of the accelerographs used 
in this study are given in Figure A both in terms of the dis
placement amplitudes and the accelerations. It can be seen 
that the instrument has a rather flat response 'for accelerations 
in the range of periods of 0.11 sec (m=2) and over. Figure B 
gives the phase characteristic which shows clearly that, for 
ground periods exceeding 0.11 sec (m=2), the phase shift is 
insignificant.

m m

U is: 1—magnification o f displacement;

FIGURE f \ .. Frerjuency characteristic (u) of 
accelerograph vs. ratio (m ) of giound-oscllla- 
tlon period to natural period of pendulum

FIGURE B Phase characteristic of accelero
graph: f  —phase shift In radians; m —ratio of 
ground-oscillation period to natural period of 
pendulum.

2—magnification o f acceleration. 
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FIG. 1: Strong Motion Accelerograph record of the Managua 
earthquake of January 4, 1968 (no.2)
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FIG. 3: Strong Motion Accelerograph record of the Managua earthquake 
of January 5, 1972 (no.8)
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GENERAL DESCRIPTION OF DIGITIZING EQUIPMENT

The Calmagraphic * III system (Calmagraphic Manual Operator, 
1972), digitizing equipment used in this study is a state-of- 
the-art digitizing and processing system incorporating a 
high-speed digital computer as a programmable controller.
Use of a control computer rather than hard-wired logic per
mits considerable flexibility in system functions and 
provides for extensive system growth as needs change.

Software
The software package contains commands for axis defi

nition, sealing, line-and-point mode digitizing, and 
miscellaneous commands for defining.limitations on the 
digitizing operations

The software packages have the ability to, handle syn
chronous read-write magnetic tapes. Commands are included 
to manipulate the magnetic tape drive, such as starting 
new files, backspacing and printing a data record on the 
teletype, and rewinding the tape.

In addition, the software package has the capacity of 
scanning the output tape for specific data records.

10
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Hardware
The minicomputer used in this system has the following 

specifications.

Data General NOVA 
Word size 
Core memory

Memory cycle time 
Data transfer

1200
16-bits
12.288 K words 
(expandable to 32.768 K 
words)

K =̂= 1024
1.2 microseconds
DMA channel and I/O 
Bus link

ASR 23 Teletype
Hard copy printout of computer generated messages are 

obtained via a teletype printer. The teletype is also 
equipped with a paper tape punch and reader as well as 
the full keyboard.

Coordinates Displays
"X" and "Y" coordinate readouts continuously display 

the stylus position relative to the operator-defined grid 
system. L.E.D.. (Light Emitting Diodes) with sign and six 
digits for each axis are used. Some systems also have an
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event counter to display number of records or number of 
points.

^Movable Keyboard
The source commands are entered from a moveable keyboard 

which can be easily located anywhere on the digitizing table. 
The keyboard contains the full 64-alphanumeric characters 
as well as 13 control keys and 10 associated indicators. The 
movable keyboards allow the operator to send all possible 
source commands without leaving the digitizing table. The 
special control keys include Coordinate Enter, Shift, Quit, 
Off, On, Read Coordinate, Delete Character, Delete Line, X 
Lock, Y Lock, Carriage Return, and Done.

Graphical Input Device
The graphical input device of the system is a CALMA 

Digitizer with a useable area of 48” x 60" and basic resolu
tion of 0.001 inch.

The digitizer is equipped with independent "X" and "Y" 
stylus locks to increase operator efficiency. There is a 
motor-drive mechanism to adjust the digitizer bed at any 
angle from horizontal to 80°. The operator can leave the 
stylus in any position for indefinite periods of time with
out having to re-initialize the system. A foot-pedal lock-
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dizable-switch is provided to allow completely free movement 
of the stylus in any direction without interrupting the 
locking sequence.

Input drawings are referenced to a grid system. Cali
bration of the system for any selected grid is a simple 
process of selecting two points along each axis and speci
fying a grid value at each point. After this is done, the 
"X!l and "Y" coordinate displays indicate stylus position 
with respect to the grid system. The system also allows 
a multiple reference point grid selection, a feature useful 
in compensating for nonuniform grid paper.

Graphic Input Device 
Resolution 
Repeatability 
Maximum absolute error 
Stylus friction

Tracing area 

Tracing bed and stand

Calma Digitizer
0.001 inches
0.001 inches
0.003 inches
Less than two ounces of 
force is required to move 
the stylus in any direction.
48 inches x 60 inches with 
high pressure laminate tracing 
table, motor-driven adjustment 
from horizontal to 80 tilt.
76 inches (W) x 75 inches (h) x 
55 inches (d) maximum
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Mass Data Storage
This system is optionally equipped with a disc memory 

of 20 million bits. It has an average access time of 70 micro
seconds. It is used for restoring computer programs and in- 
process data from input stations. It also stores complete mask 
drawings and the cell library. The disc packs are removable 
for shelf storage of processed data in lieu of a magnetic 
tape if so desired.

Magnetic Tape Control
The system contains a 25 inches-per-second, synchronous 

read-write, 600 bit-per-inch, IBM compatible tape transport. 
Magnetic tapes are used for shelf storage of source drawings, 
all libraries, and computer programs* The transport is also 
used to generate final output tapes to drive various artwork 
generators.

Incremental Plotter
The system optionally contains a drum plotter as an aid 

in verifying accuracy of source data.
Incremental Plotter ______  Calcomp 563__________
Speed 200 steps-per-second
Ste:p size 0.01 inches
Accuracy + one step on either axis over 

entire 120 feet roll paper
Paper size 120 feet long
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CORRECTIONS FOR THE DIGITIZED ACCELEROGRAM

I
The digitized accelerogram must be subjected to various 

corrections to obtain the best similarity to the real phenom
enon when used to estimate the velocity and displacement 
of the ground during earthquakes. Corrections are made on the 
time scale, on values of reading, on the acceleration scale, 
and on the location of the zero base line.

Time Scale Correction
Time scale correction is made in order to convert the 

time expressed in machine units to seconds. This corresponds 
to the abscissas read in the digitizing process. Each of them 
is multiplied by a scale factor which depends on the digitizing 
techniques and also On the time scale of the record.

Digitized Ordinates Correction
This correction is made to refer the accelerograms 

ordinates to an axis which is approximately the zero base 
line for the acceleration of the ground. It is done by 
subtracting a constant value from all the accelerations.
This constant, for simplicity, is equal to the first ordinate 
in the digitzed accelerogram.

15
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Acceleration Scale Correction
After the previous correction is made, the ordinates 

of the record are multiplied by a constant such that the 
resulting values give the acceleration of the ground in the 
desired units. This factor depends upon the sensitivity of 
the instrument as well as the digitizing procedure.

Zero Base Line Correction
The zero base line correction used in this work is an 

important modification of the method proposed by G. B. Berg 
and G. W. Housner (1961) and developed by R. Husid (1973). 
It is assumed that the zero base line for the recorded 
accelerogram may be represented as:

expressed in the same coordinates system in which the record 
has already been corrected. The constants C^, C2 and 
minimize the mean-square value of the ground velocity. From 
equation 1, the expressions for the corrected acceleration 
a*(t), velocity v* (t) and displacement y*(t) can be obtained:

y (t) = C3t2 + C2t + C1 (1)

a* (t) = a(t) - (C3t2 + C2t + C±)
v*(t) = v (t) - ( ^ t 3 + §C2t2 + Cjt + C0)

(2)
(3)
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y*(t) = y(t) - (jy c3t4 + |c2t3 + I c ^ 2 + CQt + E) (4)

It is assumed that the uncorrected acceleration a(t) varies
linearly between two consecutive points; hence for

t. < t < t.,, it is found thati — —  l+l

a(t) = a. + (t - t.) Aai (5)
Ati

where:
a. = uncorrected acceleration for t = t.

Aa± = a±+i “ ai

Ati = fci+l - ti (6)

By making v = v^ and t = t^, and integrating equation (5) 
from t^ to £, the following is obtained

i o a Act • i Aa • »v (t) = (v. - a . t . + ^t. i) + (a. - t. -j-A t + ^ t (7)l i i  2 l -T-r—  i l At. 2 At.At. l il
for t. < t < t.l — —  l+l
Integrating equation 7:

t o a i Aa • o t Aa •
y(t) = (vi-aiti+2ti^ _ i n + j +g --i t + F (8)

Replacing t ■= -*-n eQuation 7 and recalling that when
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t = t^ then y = (equation 8), equations 7 and 8 become:

yi+i = y ± + V h  + 1  <Ati>2(2ai + ai+i> <10>

.Berg , Housner y and Husid coincide in equations 9 and 10 
to calculate the uncorrected velocity and displacement of 
the ground.

It is commonly assumed that the velocity as well as 
the displacement of the ground for t = o are both zero. It 
follows that CQ and E disappear from relations 3 and 4; and 
when the condition of minimum mean-square corrected velocity 
for the total length of the record is imposed, it follows
that the remaining constants satisfy the equations:
T   r Or j t. \ . i .   —, , i+2 _ , i+3 . _ i 1+4
Ti ~  ̂ ~ 1 0 2 0 3 0 ^_____ _ T

° i+2 2 (i+3) 3 (i+4) ' or 1 L '

(11)
hence, .
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After C^, and are calculated, the corrected 
acceleration velocity and displacement of the ground can 
be obtained by using equations 2, 3, and 4, with Cq = E = O.

However, when the corrected displacement y*(t) is 
computed by using the coefficients given by relation 8, the 
results found are not entirely realistic (Husid, 1973).
The. main reason is that the accelerograph starts to record 
when the ground acceleration reaches a prescribed level, 
thus, initial conditions in an accelerogram are not known.
It is better to accept the corrected initial velocity and 
displacement different from zero.

In this work, the zero base line for the accelerogram 
was obtained by using equations 2, 3, and 4, and Cq not 
equal to zero. The constant E has been assumed to be equal 
to zero because it only corresponds to a translation of 
the axis for ground displacement.

Furthermore, E is a function of the ground displacement 
before the accelerograph starts recording and is, hence, 
unknown.

The coefficients (i = 0, 1, 2, 3) are determined in 
a similar manner:

v(t)t^dt
i+1 i+2 i+3

o i+1 i+2 2 (i+3) 3 (i+4)J
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hence

co -
0

C1 = 12g

I0 - 15I1 + 15I2 - 35I3

“I0-+‘

2t o
101 4511 - 2 +

0 2t,

4t0
141.

C„ = 480

C, = 420

I - 45I1 
0 4tl^

_Io- + ^

271 2 - 351
2t

3 
~T 
0 '

30I2 + 20I3

(14)

where

I.i / v(t)t1dtf i = 0, 1, 2, 3, 
o

(15)

The moments of equation (15) can.be approximated by
%expressing v(t) as in equation (7) and by transforming them 

into a summation. The results are as follows:

N-l
0 =  I  Ati (vi +

i=0

2a.At. + a. , . At.l i____ l+l l j
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m

N-lI
i=0

At.(t. 1 1 + ti+i) a . + 3a.. n.At^( l_____ i+l)
12

- (At.) t.(a.+a. -l l i  l+l 
12

N-l r -x
I- = ) At. (t2 . ,,+t2 . + t. .t. )f^i +Ati I 3a. + 2a. .(1 f, . .i=0 3 20 I 1+1JH(ai+l+ ai}

(5t . + 2t. t.,.) - a.,.t.t.,_' l l l+l l+l l l+l At.‘l
60

(16)
N-l

3 = ^ QAti (ti+l + ti) (t i+1 +
r 3 0 v.. + At. ( 5a . +a . ., , ) 1 1 1  l+l

120
N~1 A 2
Y  -j+i r ai (4t2i+7titi+i+9t2i+i) +ai+i (2t2i+5titi+i+^  i+i >J
i=0 120

After Husid (1973)- 
When the and 1^ are calculated from relations 15 

and 16, and with E -- 0, the corrected acceleration, velocity, 
and ground displacement can be obtained from equations 2,
3, and 4, for an earthquake whose accelerogram has been 
previously digitized.
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RESPONSE SPECTRUM THEORY

The earthquake response of linear structures with 
several degrees of freedom with normal modes of vibration 
(Caughey and O'Kelly, 1960, 1965), can be determined on 
the basis of the response of the one-degree-of-freedom 
system (Hudson, 1956, 1962). The study of the response 
of the one-degree-of-freedom system, for its application 
in earthquake engineering, leads us to the response spectrum 
theory. Let us consider Figure 4-a, where a one-degree- 
of-freedom system is shown. Mass ”m'': .slides over a horizontal
surface, attached to the wall by a linear spring of constant 
"k" and by a dashpot of constant "C".

x (t)

Fig. 4-a

x (t)

Y(t)

Fig. 4-b

22
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This model is equivalent to a one-story structure (Figure
4-b) , where the following are assumed:

An infinitely rigid beam of mass m is supported by 
flexible columns without mass and with stiffness k/2;
Viscous damping occurs;
The influence of gravity in the response is neglected; 
and Hooke1s Law holds.

The notation is:
x: the absolute displacement of mass "m"
y: the absolute ground displacement
z = x-y: the lengthening of the spring

z = x-y: the relative velocity of mass "m"

z+y = x: the absolute acceleration of~mass "m"
According to Nev/ton’s second law, the differential equation 
of motion for both models is:

mx = -k(x-y) — c(x-y) (17)
replacing z = x-y; dividing the equation by m; and introducing 

1/2oj = (k/m) ' = undamped natural frequency
C = 2 mo) c

the following is obtained:

z + 2 —  uz + to)2z = -y (t) (18)
CC

Let us consider the displacement (x(0)) and velocity of 
the mass m (x(0)) equal to zero at t = 0. Then the solution
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of the homogeneous equation is zero, and the displacement 
of the mass will be:

Vi - ( C  )

r

^ &(t~x) / ~ ~T
f y(x)e Cc sin (oyl ~ (p—) (t-*z(t) = - — ■ -- — --- / y(x)e c sin U) yl-(^r-) (t-x)dx
° Cc

2 (19)Cc ■ .Differentiating z(t), the expression for the relative
velocity is obtained:

C /a_ N t  - to(t-X)

z{t) =-/ y(t)e cos oA/l- ( — ) 2 (t-x)dx +
V C

Q... — 1 ' i " - ■ ■
+ _____®____  / y(x)e c sin uyl- (t-x)dx (20)

o c
Cc

Differentiating again, the absolute acceleration is obtained:

CC •• f X ) / n 2x(t) = 2o)—  / y(x)e c cos w yl-(^— ) (t-x)dx +c * «o

to (1-2 (§-)2 ) t Cc “(t T)
+ ------ - ---  f y  <T)e ^ sin (o\/l- (^-) 2 (>t-x )ax (21)

o v cV1 7
£ - ) 2V

The response spectra for relative displacement (S^), 
relative velocity (Sv ), and absolute acceleration (Sa) are
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defined as the maximum absolute values of the corresponding 
expressions written above, for a given earthquake and for 
given values of period and damping of the structure. Thus:

sd = IX ^ 1max relative

s =V |x-y |J max relative

S = a |x |max absolute

and considering only small values of damping, the following 
approximate relations hold (Husid, 1973) :

S - wS, v d
2’Sa - w S , a d

The next section presents the analysis of the Nicaraguan 
earthquakes studied, according to the above mathematical 
model.

Most of the earthquakes resistant-design codes prescribe 
lateral loads using acceleration spectra. Some engineers 
use velocity spectra in their analysis of structures and 
very seldom utilize the displacement spectra.

Based on the preceding reasons and considering the 
approximate relations between spectra, shown above, only the 
absolute acceleration and relative velocity spectra are 
shown, and only the acceleration spectra are analyzed.
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RESPONSE SPECTRA OF THE NICARAGUAN EARTHQUAKES

Assuming a linear variation between peaks and troughs 
in the recorded accelerogram, it is possible to obtain with 
the help of a digital computer, the ordinates of the spectra 
for several one degree of freedom oscillators with different 
degrees of viscous damping and undamped periods.

The calculation of the response spectra was made using 
the digitized record lengths specified in Table II. The 
accelerograms were digitzed up to the time at which the 
accelerations were very small; in this way it was possible 
to process earthquakes with different durations and to 
study the influence of sample length on the results.

The ordinates of the spectra were calculated for 
undamped periods between 0.-1 and 3.0 seconds, for a total 
of 41 periods distributed as follows: from 0.1 to 0.3 seconds,
with sample interval At equal to 0.02 sec.; from 0.3 to 
0.9 sec.; with At equal to 0.05 sec.; and from 0.9 to 3.0 
sec.; with At equal to 0.10 sec.

In order to find the influence of damping on the response 
of structures, the spectra for damping values of 0.00, 0.05 
and 0.10 of the critical damping were calculated for each 
one of the components of each record. The results are 
presented in Figures 5 to 26.

26
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Acceleration Spectra
Reviewing the absolute acceleration response spectra, 

it is observed that the two components of the January 4, 1968 
earthquake (No. 1, Figures 5, 6), and the corresponding 
components of the January 5, 1972 earthquake (No. 8,
Figures 19, 20), are much more severe than the remaining 
group listed in Table II.

The graphs show (Figures 5 to 26) that the dominant 
peaks in the acceleration spectra are usually associated 
with relatively short periods, i.e., periods less than 0.6 
seconds. Exceptions are earthquakes No. 1 and 3 (Figures
5-6 and 9-10), which on components S5.5°W and transversal, 
present big peaks for periods of approximately 0.8 and 1.4 
seconds, in addition to the peaks for the shortest periods. 
This is explained as.follows: these accelerograms were
recorded on the 15th floor of a bank building, so the 
spectra obtained include normal modes of vibration of that 
structure, corresponding to periods of about 0.8 and 1.4 
seconds.

Earthquake No. 2 also corresponds to the January 4,
1968 event (No. 1, 15th floor), but was recorded in the 
basement of the same structure. Its corresponding accel
eration spectra (Figures 7, 8) do not present those big 
peaks for T = 0.8 and T = 1.4 seconds. It does present
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(component S5.5°W) very small peaks at-’ those periods.
It is due to the earthquake response of the building.

It would be interesting to do a more profound study 
of the motion in the upper story of the building knowing 
the motion of the basement, but the orientation of both 
horizontal components for earthquake No- 3 is unknown.

The earthquake response spectrum was originally 
introduced as a means of characterizing the response of 
structures to the exciting ground motion, and hence such 
spectra are usually calculated from ground motions themselves. 
There are many instances, however, in which a structural 
motion is the excitation, for example, of mechanical equip
ment or other objects attached at upper story locations in 
buildings. In such cases it may be useful to calculate a 
response spectrum based on an acceleration-time function 
which is in itself a response to the earthquake ground 
motion. Such response spectra of structural motions will 
ordinarily contain predominant peaks corresponding to 
natural frequencies of vibration of the structure.

Such is the case of earthquakes No. 1 and 3, which 
were both recorded on the 15th floor of the Bank of 
America building. Their spectra show big peaks for periods 
corresponding to some of the normal modes of vibration of 
the structure (Figure 5-6 and 9-10). Those periods, however,
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are not the same for both events: they are slightly larger
for.-earthquake NO. P. than for earthquake No. 3, which had 
occurred three months before, i.e., the natural periods of 
vibration of the building became larger.

This fact might imply that the stiffness of structures 
becomes smaller after they are subjected to severe seismic 
forces, i.e., buildings may get structurally weaker. (As 
far as I know, no structural repair was made on the Bank 
of America building between 1967 and 1972.)

Earthquake No. 5 is a weak aftershock of No. 7, both 
recorded at the same site (see Table 3). Their response 
spectra (Figures 13, 14, 17, 18) show important peaks for 
about the same periods. The amplitudes, however, vary 
by a factor of 2, being bigger for No. 7.

Earthquakes No. -6 and 7 correspond to the same event which 
occurred on January 4, 1972, but were recorded at different 
sites, about 6 km apart. Nos. 8 and 9 correspond to the 
January 5, 1972 event. Again, No. 8 was recorded at the 
same site as No. 6, and No. 9 at the same site as Nos. 5 and 
7 (see Table 3). Their spectra show how the second event 
was much more severe than the first one (Figures 15 to 22).

Earthquake No. 11 is an aftershock of No. 10. Their 
spectra are almost identical in a peak to peak correlation, 
but the amplitudes for-No. 10 are roughly three times those 
of No. 11. Both of them were recorded at the same site (UNAN).
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Acceleration Spectrum
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FIG. 5
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Velocity Spectrum
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FIG. 6
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FIG. 7
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FIG. 8
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FIG. 10
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FIG. 11
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Influence of Base Line in Response Spectra
In order to determine the differences that may appear 

in response spectra when the correction of base line is not 
made, the absolute acceleration and relative velocity 
spectra were computed for each component of the earthquakes 
No. 1, 5, 8, and 11.

The graphs show (Figures 27 to 34) that for earthquakes 
with large durations (Nos. 1, 8), the differences between 
the spectra calculated from digitized records without correc
tion of base line (Figures 27 to 30) , and the spectra 
calculated from digitized records with correction of base 
line (Figures 5, 6, 19, 20) are not significant. However, 
in the case of weak earthquakes (Nos. 5, 11) with short 
durations, the spectra obtained without the base line 
correction (Figures 31 to 34) are clearly different from 
those obtained after making the correction (Figures 13,
14, 25, 26).

One fact is responsible for the disagreement: when
the baseline correction is not made it is assumed that 
initial acceleration, velocity and displacement are equal 
to zero, without taking into account that the initial 
conditions in ground motion are unknown.

In the presence of large earthquakes with long 
durations, the errors so introduced are small. It does not
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happen in the case of weak earthquakes, where the random 
errors introduced are comparable with the real spectral 
characteristics.

It leads to the conclusion that the base line correc
tion is essential in the case of weak earthquakes, i.e., 
earthquakes with short total durations. According to the 
analysis made in this work, the base line correction must 
be made when the total duration of the accelerogram is less 
than approximately 15 seconds. Since the correction is 
easy and not expensive it is recommended that it always 
be made.
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FIG. 27 Managua Jan. 4, 68 (no.l)Component S5.5°W 
Spectra obtained from digitized record without correction of base line.
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FIG. 28 Managua Jan. 4, 68 (no.l) Component N84.5°W Spectra obtained from digitized record without correction of base line.
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FI6. 29 Managua Jan. 5, 72 (no.8)Component East-West Spectra obtained from digitized record without 
correction of base line.
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FIG. 30 Managua Jan. 5, 72 (no.8)Component North-South Spectra obtained from digitized record without 
correction of base line.



T-1781 45

ACCELERATION SPECTRUM 
§  *0.00;0.05 and 0,10

0.4-

0.2-

sec0.0
0-0 3.01.0 2.0

VELOCITY SPECTRUM 
— (sec) ^ 0 .0 0 .0 _0 5 ^  0 > 1 0
V I. m0.04 .

0.02 _

T (sec)
0.00

0.0 1.0 3.02.0
FIG. 31 Managua Jan. 4, 72 (no.5)Component North-South Spectra obtained from digitized record without 
correction of base line.
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FIG. 32 Managua Jan. 4, 72 (no.5)Component East-West Spectra obtained from digitized record without correction of base line.
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FIG.33 Managua Jan. 30, 72 (no.11) Component East-West Spectra obtained from digitized record without 
correction of base line.
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FIG.34 Managua Jan. 30, 72 (no.11)
Component North-South Spectra obtained from digitized record without 

correction of base line.
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MINIMUM DURATION OF THE EARTHQUAKE

A well-defined portion of the digitized record deter
mines almost all of the spectrum times (Husid, 1969;
Husid et ad., 1969a, b, 1973). What this means is that 
it is possible to select a record duration such that maximum 
responses occur within this duration. Although it has been 
most common to use the first 4 or 5 seconds of the earth
quake when studying the earthquake response of buildings, 
the record length should not be selected arbitrarily 
because of the risk of obtaining results different from 
the true values.

Two criteria have been used in this work in trying to 
determine the minimum duration of the earthquake, the root 
mean square acceleration, and Arias1 Intensity, both as a 
function of time.

Root Mean Square Acceleration (r.m.s. acceleration)
The root mean square acceleration for the complete 

duration of the earthquake and for each component, has been 
frequently used (Giberson, 1968; Husid, 1969) as a method 
to evaluate the severity of an earthquake.

The root mean square acceleration is defined as:
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a(t) /a2 (T)dx (22)
^ o

where s
t : temporal variable
a(x) : ground acceleration during the earthquake
t : selected time to evaluate the r.m.s. acceleration.

The root mean square acceleration is very sensitive to the
earthquake duration selected. In addition, it has been 
found that it is very important to know its variations with 
time (Husid, 1969? Husid et al., 1969a, b, 1973). Figure 
35-a shows the root mean square acceleration for a given 
earthquake. The principal portion of the shock is detected 
in the zone before the point where the curve starts a smooth 
descent. When the ordinates of the accelerogram become 
small, the r.m.s. acceleration approaches k/yir where 
k is a constant. This is a simple criterion to decide the 
minimum earthquake duration required to get the earthquake 
response of structures.

Intensity Proposed by Arturo Arias
Arias* Intensity (I,) is defined (Lange, 1969) as

i i

"...the amount of energy per unit of weight dissipated by 
a population of one~degree~of-freedom linear oscillators.
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whose frequencies are uniformly distributed in the interval 
(0, +°°) , for a given earthquake and damping ratio”.

t : Total duration of the earthquake.
Arias* Intensity does not depend on the natural frequency of
the structure. It considers a simple linear oscillator,
viscously damped, as structural model.

The influence of the viscous damping ratio (C/C^) on
t is small,A r

considering the range of values that C/Cc has in real 
structures. As a result, the definition can be normalized 
selecting C/Cc = 0 and then:

1 arc cos C/C= ---------  - c I a2(T)dT (23)
A g O

c

where C/Cc: Viscous damping ratio
t : Temporal variable
g : Acceleration of gravity
a(T): Ground acceleration during the earthquake

arc cos C/C c
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Arias’ Intensity and root mean square acceleration depend on 
the integral:

2/a (x)dt
o

so similar results can be expected if either one is used to 
estimate the duration of the principal part of an earth
quake. Figure 35-b shows Arias’ Intensity as a function 
of time for a given earthquake. It is observed that after 
a certain time, 1^ tends to become independent of time, 
i.e., the earthquake becomes weaker. In such a way, the 
tendency of 1^ to the horizontal as time increases can 
be taken as a criterion to determine the important part of 
the earthquake. When cutting off the accelerogram in the 
zone where the IA curve begins to be horizontal, only the 
weaker portion of the earthquake is neglected.

Of the two criteria mentioned above, Arias' Intensity 
is proposed to select the minimum duration of the accelerogram, 
because of the physical meaning associated with it (Husid, 1973 
Lange, 1969).
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ANALYSIS OF NICARAGUAN EARTHQUAKES

The time when each response spectrum ordinate occurred 
(spectrum times) were obtained at the same time the response 
spectra were determined. The results confirm that for 
damping of the type considered, a well-defined portion of 
the digitized record determines almost all the spectrum 
times when undamped periods varying between 0.1 and 3.0 
seconds are considered. This confirms that it is possible 
to select a duration, such that within it, most of the 
spectrum times are produced. It is also concluded that it 
is not possible to use an arbitrary duration for the digi
tized part of an accelerogram when the earthquake response 
of structures is of interest.

In order to determine the important part of the accelero
grams , the root mean square acceleration and Arias1 Intensity 
were calculated, both as a function of time and for the total 
duration of the records. Typical results are shown in Figures 
35 to 41.

In the way it was defined, Arias’ Intensity implies 
that the duration of the earthquake is known. It is assumed 
(Lange, 1969). tbat IA does not vary with time. Arias' 
Intensity graphs (Figures 35 to 41) show clearly that this 
intensity is highly dependent on time during a time interval 
smaller than the total duration? i.e., after a certain time,

51
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I ■ becomes independent of time. Considering Arias' 
definition of intensity, the previously mentioned behavior 
indicates that the earthquake becomes weaker and that 
the tendency of the function to become horizontal can be 
used as a criterion to select the important part of the 
earthquake (Husid,4.969b; Husid, 1973). Neglecting the 
section of the accelerogram in which the 1^ curve becomes 
parallel to the time axis, only the weaker part of the 
earthquake would be excluded.

Similarly, the important part of the record is 
represented by the zone in which the root mean square 
acceleration curve begins to decrease, smoothly, with 
little variation until the earthquake ends. Because of 
the physical meaning associated with it, let Arias?
Intensity be established as a criterion to select the 
minimum duration of an earthquake (Lange, 1969; Husid, X969^b).

Influence of the Selected Duration of the Earthquake in 
Response Spectra

In order to recognize differences that could be produced 
in the response spectra, evaluate discrepancies, and decide 
whether the criterion selected for cutting the record is 
accurate, the response spectra for the earthquakes analyzed 
were calculated for different record durations.
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The analysis made for the Managua, January 5, 1972 (8) 
earthquake is presented in Figures 42 to 45. For this and 
the rest of the earthquakes analyzed it was found that the 
absolute acceleration and relative velocity spectra obtained 
by processing the complete accelerogram (Figures 19, 20) and 
those obtained by using the Arias* Intensity criterion 
(Figures 42 and 43) were practically the same for all the 
earthquakes analyzed. This shows that the criterion 
established is adequate in addition to being simple.

In order to show the errors that could result from 
the incorrect cutting of the accelerogram, cuts were made 
in many cases which did not follow the criterion established 
(Figures 44 and 45). Discrepancies observed are of the order 
of 2 0% (and more) in the response spectrum amplitudes. 
(Compare Figures 44 to 42, and 45 to 43';)
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FIG. 42 Managua Jan. 5, 72 (no.8)Component North-South Spectra calculated considering the Arias' Criterium. In this 
case tmi*n * 10.8. sec, obtained from figure 40rb. The results are identical to those obtained by using the total record length(fig.20)
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FIG. 43 Managua Jan. 5, 72 (no.8)
Component East-West Spectra calculated considering the Arias' Criterium. t , ^  » 10.8 

sec. obtained from fig.41-b. The results are identical to those obtained by using the total record length (see fig.19).
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FIG. 45 Managua Jan. 5, 72 (no.8).Component East-West.The duration considered (5 sec) for the calculation of these spectra was less than the indicated by Arias' Intensity (10.8 sec)-Observe errors introduced in the spectra amplitudes.(Compare fig.44 to figs. 
20 and 42; and fig.45 to figs.19 and 43).
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AUTOCORRELATION FUNCTIONS FOR ACCELEROGRAMS

The autocorrelation function for an accelerogram is 
obtained as an attempt to investigate the influence of 
hazard in the constitution of the accelerogram of an 
earthquake, considered as a stochastic process (Arias, 
1964). Making a time average, the autocorrelation 
function for a  record (P**(t )) is defined as:

p ” (x) =  x ( t ) ( x ( t + x ) )  =  l i m
x to-H

+I2
/ x(t)x(t+x)dt

to
2

(25)

However, earthquakes are not stationary processes, i.e., they 
are transient phenomena with a finite duration. As a result, 
the autocorrelation functions obtained by making averages 
in time over individual samples of the ensemble of accelero
grams may characterize the records from which they are obtained, 
but not the total ensemble which could have different properties 

The parameter t can be selected equal to the duration 
of the earthquake; as a result, relation (25) can be replaced 
by an autocorrelation which is more appropriate to this study, 
and is:

63
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P ( t ) =  S° x(t)x(t+T)dT
o o

(26)

In this work the accelerograms were digitized at unequal 
intervals; then if is defined as the number of sample 
points in the record, equation 26 yields the algorithm:

Correlogram
In order to compare the autocorrelation functions 

corresponding to different functions, it is convenient to 
normalize them in such a  way that for t  =  0, p (t ) =  1.

The function obtained will be designated by:

The graphs R(t) v s . t are called correlograms (Husid, 1969b), 
and they show the correlation between the acceleration 
recorded at time t and the acceleration recorded at time 
(t+T).

P (t ) = p(jAt) x(iAt)x(iAt+jAt) (27)
Nx-j i=0

where:
j — 0,1,2,.,
3 = the integer immediately before N^/4
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From the qualitative point of view, it can be said 
that the greater the importance of the sinusoidal components 
in the accelerogram, the smaller the damping on the correlo- 
gram, and the maximum and minimum ordinates in the graph 
slowly decrease. On the contrary, the more important the 
random components in the function x(t), the more quickly 
the function R(x) damps out.
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CORRELOGRAMS CORRESPONDING TO THE NICARAGUAN EARTHQUAKES ANALYZED

In order to arrive at the objective indicated by Husid 
(1969? Husid et al., 1969 a, b, 1973), the autocorrelation 
function was calculated for each component of the Nicaraguan 
earthquakes analyzed. Typical results are shown in Figures 
46 to 50.

It can be seen that for the earthquakes No. 1 and 3, 
which were both recorded on the 15th floor of the Bank of 
America of Nicaragua, the maximum and minimum in the correlo- 
grams slowly diminish (Figures 46, 47). This is because of 
the response of the structure to the earthquake excitation 
which has its greatest contribution from the first mode of 
vibration of the structure, i.e., it has a predominant 
sinusoidal component.

The rest of the graphs, in general, present maximum and 
minimum ordinates decreasing when t increases, i.e., their 
corresponding accelerograms have no predominant sinusoidal 
component due to the ground response (Husid, 1969; Husid 
et al, 1969 a, b, 1973). Typical results are shown in 
Figures 48 to 50.
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FOURIER AMPLITUDE SPECTRUM

It is common in earthquake engineering to use the
Fourier amplitude spectrum when it is wanted to know the
frequency content of accelerograms.

Let y(w) be the Fourier transform of the acceleration 
of the ground, y(t.) , during a given earthquake. Then by 
definition?

—  +°° • ,y (o>) = /y (t) e dt (28)
— CO

Recalling that y(t) satisfies the relations

y(t) = 0  for t > to
y (t) = 0 for t < 0

it is possible to write:

t_ 0 -T +■
?{u) = / y(t)e 1 ( <at (29)

o

where the duration of the earthquake is designated with tQ .
Introducing the identity e la)t = cos art - i sin ajt 

into the last expression, the Fourier amplitude spectrum, 
Fa (o>) , for the acceleration of the ground is defined
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as follows:

- - — -

Fa (a)) = Fa(^-) =^/{Re£y (u>)j }2+{lm£y (o>) J}2 (30)

It is customary, in earthquake engineering, to plot 
the Fourier amplitude spectrum as a function of the period 
T = 0)

Considering a one degree-of-freedom undamped oscillator, 
(Fig. 4-a), with C = 0, the total energy of the oscillator 
is given by (Wiegel, 1970):

E = |  (Kz2 + mz2) (31)

the expression for z(t) obtained above (Eq. 19), for C = 0 
allows us to write:

z (t) = - / y(T) sinr\/j| (t-x)dx

z(t) = - / y (x) cos V |

(32)

dx
o

after simple trigonometric manipulations, the last three 
equations give for t = tQ :
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2E
m = [Fa(o))j 

and finally

Pa (a)) = Y m
2E
m (33)

The Fourier amplitude spectrum is proportional to the 
square root of the energy of the oscillator at the end of

2 r̂the earthquake. In the same way, for those periods T = ——
• • 2 trat which important maxima of Fa (— ) appear, large amounts

of energy were put into the oscillator.

Fourier Amplitude Spectra for the Nicaraguan Earthquakes Studied
Figures 51 to 60 show the Fourier amplitude spectra for

each of the Nicaraguan earthquakes studied. They
2ttwere plotted as a function of the period T = — .

These graphs provide important information about the 
frequency content of the accelerograms recorded in Nicaragua.

For most of the Nicaraguan earthquakes, important peaks 
appear for periods less than 0.6 seconds, i.e., relatively 
short periods.

As it was said before, earthquake No. 1 occurred on 
January 4, 1968 and was recorded on the 15th floor of a 
bank building, (Bank of America), as well as in the
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basement (Nos. 1 and 2). Their corresponding Fourier 
amplitude spectra are shown in Figures 51 and 52. Figure 
51 (15th floor) shows important peaks for periods T = 0.8 
sec. and T = 1.4 sec. on the S5.5°W component, and T = 1.1 
sec. on the N84.5°W component, which do not strongly 
appear in Figure 52 (basement). Those peaks correspond 
to some of the normal modes of vibration of the building.

Shah et slL. (1973) made dynamic measurements of some 
structures in Managua after the December 23, 1972 earth
quake, among them the Bank of America building. They found 
a period of approximately 1.8 sec. for the fundamental 
mode of vibration of the building on the N-S component, 
and 2.1 sec on the E-W component. This implies that the 
period corresponding to the first normal mode of vibration 
of that structure enlarged by a factor of 25% to 30%, 
after the building was subjected to the December 23, 1972 
event. Comparison of the results for the E-W component 
shows a variation even greater than the first normal mode.

By chance, earthquake No. 3, which occurred on October 15, 
1967, had also been recorded on the 15th floor of the same 
bank building, but not in the basement. Its Fourier amplitude 
spectrum is shown in Figure 53. Again, the periods corres
ponding to the normal modes of vibration of the building
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are slightly smaller than those obtained from earthquake 
No. 1, which occurred three months later. These facts 
might imply that the stiffness of buildings becomes smaller 
after they have been subjected to seismic forces, i.e., they 
tend to get structurally weaker.

Earthquake No. 4, which occurred on January 1, 1972, 
was also recorded in the basement of the same building. Its 
Fourier amplitude spectrum (Figure 54) is much richer in 
lower frequencies than the corresponding spectra of the 
earthquake previously recorded in the same site (No. 2, 
Figure 52).

Earthquakes Nos. 6 and 7 correspond to the same event 
which occurred on January 4, 1972, but recorded at different 
sites, about 6 km apart (see Table III) . Their spectra 
have slight differences in frequency content (Figures 56, 57) 
probably due to different soil response, and to the geology 
of the region, which has large changes over small distances 
(Dengo, 1973).

Earthquake No. 5 is a weak aftershock of the last event 
analyzed. Its spectrum is shown in Figure 55. It was 
recorded at the same site as No. 7.

Earthquakes 8 and 9 correspond to the same event which 
occurred on January 5, 1972. Again, No. 8 was recorded at 
the same site as No. 6; and No. 9 at the same site as No. 7.
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Their differences in frequency content (Figures 58 and 59) 
may be due to different soil response and geological influence.

Earthquake No. 11 is a weak aftershock of No. 10.
Both occurred on January 30, 1972; their spectra are shown 
in Figures 60 and 61. Both Fourier spectra are rich in 
high frequencies. Generally speaking, for the Nicaraguan 
earthquakes analyzed, main events and aftershocks have 
very similar frequency content. This might be because 
their magnitudes are not significantly different.
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CONCLUSIONS

1. For the Nicaraguan earthquakes studied, the response 
spectra present dominant peaks for very short periods,
i.e., periods less than 0.6 seconds.
The calculated response spectra may be used to estimate 
earthquake response of structures in Nicaragua.

2. The analysis of the response spectra for accelerograms
of earthquakes which have similar frequency content 
has to the conclusion that the more severe the
earthquake, the greater the excitation and the bigger 
the amplitudes in the response spectra.

3. It has been concluded that Arias* Intensity is an 
excellent criterion to determine the important part of
accelerograms. If a smaller duration than the minimum 
obtained from Arias' Intensity is used to calculate 
the response spectra for a given accelerogram, then 
the error in the results will be of the order of 20% 
or more.

4. It has been found that base line corrections should be 
made to ground motion records, especially for 
accelerograms of short durations.
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5. From the study of autocorrelation functions, it has been 
found that, in general, Nicaraguan accelerograms have 
no predominant sinusoidal components due to ground 
response.

6. Fourier amplitude spectra of the earthquakes analyzed
2 ITpresent the most important peaks for period T = —  

less than 0.6 seconds, i.e., relatively short periods.

7. Structures which have already been subjected to seismic 
forces may get structurally weaker. They should be 
reviewed and, if necessary, reinforced, especially in 
areas of high seismic risk.
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