The C, I. T. Mark II Response Spectrum Analyzer for Earthquake

Engineering Studies

by
% & ¥
T. K. Caughey , D. E. Hudson , and R. V. Powell

Introduction, Electric Analog determinations of earthquake response spec-
trum curves at the California Institute of Technology have been described
in a series of papers (1-4)**% This work has culminated in the development
of the C. I. T. Mark II Response Spectrum Analyzer, which has been in
-service for the past year, Since this instrument is now in use both at the
Earthquake Engineering Research Laboratory of the California Institute of
Technology and the United States Coast and Geodetic Survey for routine
calculations of earthquake spectra as well as for research studies of earth-
quake and blast phenomena, a brief description of the device may be of
interest. Complete details of the circuit arrangements are available in a
special report, so that the present paper will give mainly a summary of the
basic principles (5).

Design Principles. In Fig, 1 are shown the basic elements of a typical
structural system, along with its electrical analog, the equations of motion,
and the definition of the Maximum Relative Velocity Response Spectrum, Sy
can be measured directly in the electrical analog circuit by displaying the
voltage across the resistor on the screen of a cathode-ray oscilloscope and
by noting the maximum value of this voltage for various period and damping
settings, It is only required that the shape of the voltage input E(t) to the
analog circuit be the same as the shape of the ground acceleration-time
record ¥(t), in order that a direct experimental determination of the system
response be possible.

The special features of the analog circuit design which make the device
particularly useful for spectrum analysis applications are: (1) The circuits
are arranged so that the natural period can be adjusted throughout its range
by decade switches while the damping remains constant, (2) Various pre-
scribed values of damping, including zero damping, can be obtained without
changing other circuit characteristics. A simple test is available to check
the actual damping present at any time. (3) Response measurements can be
made in terms of relative displacement, relative velocity, or of relative or
absolute acceleration by a simple switching operation. (4) The time scale
of the electric circuit is speeded up compared with the structural prototype
so that a large number of spectrum points can be calculated in a relatively
short time,

The means by which these various features are realized are as fc?llaws: ) (n
The natural period of the analog circuit is 2r/LC, and the damping resistance
for critical damping is 2JL/C . By changing L and C simultaneously in such
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in to determine the damped spectrum curves. (3) As indicated in Fig. ! the
curput signal of the analog circuit will be proportional to the relative dis-
nlacement, the relative velocity, or the relative or absolute acceleration,
depending upon the point in the circuit at which the measurements are made,.

A Iront panel selector switch makes it possible to pick any of these response

parameters for various applications. (4) If the time scale of the analog
system is speeded up by a factor N, so that N=T_,/T, , the basic equations
of motion of Fig, 1 can be written in the form: )
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In these equations, both mechanical and electrical systems have been ex-
Press.e‘d in the same real time t, so that corresponding terms can be directly
identified, For example, the expression for the relative velocity response
can be obtained as:
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The voltage ER across the measurin i i o ]
3 I g resistor is Ep = Ry, N Q, and
Tp = 2n NYLC. Thus equation {3} becomes: R ° i ‘
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(4)
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For tne particular aualog elements used, }!L/C = 200w and Ky = 1000 ohms,
The relative velocity response thus finally becomes

2 = O.IT;(%%)AO (5)

where Ag is the magnitude of the ground acceleration peak associated with
input voltage Eo. Note that voltage ratios only are involved in the scope
measurements, and hence no absolute calibration of the cathode ray oscillo-
scope is required;

Input Function Generation. An electric sighal which varies with time in the
same way as the earthquake ground acceleration is produced by a variable-
width film trace which is moved between a light source and a photocell, A
schematic diagram of the Function Generator together with the Spectrum
Analyzer itself is given in Fig., 2. The variable width trace is photographical-
ly produced on a one-inch band on the periphery of a thin celluloid negative
film disk of approximately 12 in. diameter, This film disk is rotated at a
speed of 10 revolutions per second about a vertical axis. The earthquake is
thus repeated periodically 10 times per second and the input electric signal
and the circuit response signals can be presented as stationary patterns on
the screen of the cathode ray oscilloscope. In this way, a visual measure-
ment of the maximum response magnitudes can be made without the necessity
of photographing the cathode ray oscilloscope output,

The film disk record for the function generator is interchangeable with those
used in previous models of the electric analog computer, and has also the
advantage that photographic copies can be made for the use of other laboratories
with similar function generators. The film disk records are made on a

special plotting table, The earthquake ground acceleration-time record

drawn to a suitable scale is wrapped around a drum which can be slowly

rotated as the curve is manually traced, The tracing stylus is coupled to

a shutter system which exposes the film (3).

The same rotating disk which carries the film record also carries a small
metallic plug which energizes a variable reluctance element once per re-
volution, An electric timing pulse is thus produced which is used to syn-
chronize the various elements of the analyzer. Also controlled by this
timing signal is a circuit which introduces a large amount of d‘a.mping _:i.nto
the analog circuit at the end of each cycle of computation. Thlg damping
brings the system to rest ready for the next cycle of force application. The
timing of the zero damping test signal is also controlled from this same
pulse,

General Layout and Design. The diagram of Fig. 2 shows the main inter-
connections and controls in the complete systern, The two amplifiers shown
there are standard negative gain packaged units of si.:a.ble c}esign. They are
combined in this way to produce the necessary positive gain zero damping
amplifier,

The mechanical arrangement of the new system may be seen in Fig, 3. )
The cabinet at the left is the function generator, with controls for damping
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jamping phase, and output signal amplitude. The middle cabinet

duration, @ ,
“ouses the analyzer itself, the upper two controls being the decade.sw:ttches
the 100 period settings. The lower controls are the zero damping test

sigz tch, the zero damping adjusting control, the analog damping switch,
and the response parameter selector switch, An interior view of the analyzer
is given in Fig. +4to show the style of construction.

Testing and ACCUrACY. In Fig. 5 are shown typical input and response recor'ds
as ohotographed from the screen of the cathode ray oscilloscope. Fig. 5(a) is
a haif-sine test signal which was made by a regular film disk on which an ac-
curately plotted hali-sine function had been photographically reproduced. Fig.
5{b} shows a typical earthquake ground acceleration input signal as reproduced
by the function generator and Fig. 5{c) is a typical analog response to the
earthquake excitation of Fig. 5(b) for a specific period and damping.

To show a comparison of results obtained on the new model Response Spectrum
Analyzer with past calculations certain function generator film disk records
from past investigations were re-run. In Fig. 6, the solid line is the O, 20
damping Sy relative velocity spectrum for the El Centro Earthquake of May 18,
1940 N.S. component as determined during the original damped spectrum
studies made on the general purpose electric analog computer of the Analysis
Laboratory of the California Institute of Technology. This is the earthquake
shown above in Fig. 5(b). The circled points were obtained by using the
original film disk and the first model analyzer, The points marked with
triangles were obtained using the original film disk on the new Mark Il Spect-
rum Analyzer and Function Generator System. The variations between the
three different calculations can easily be accounted for by reasonable errors
in reading the cathode ray oscilloscope amplitudes,

In Fig. 7 the solid curve is the undamped response spectrum as determined
analytically for a half-sine pulse, The points are experimentally obtained
on the new Mark II Spectrum Analyzer using the half-sine input of Fig, 5(a).
Note that this comparison gives an evaluation of the overall accuracy of the
whole process under relatively severe conditions. Such small deviations as
are indicated in Fig. 6 could easily be accounted for by reasonable errors in
reading the cathode ray oscilloscope amplitudes. Accuracies of this order
ai-etbilieved to be entirely adequate for the engineering applications contem-
plate
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Nomenclature:

Y(t)= absolute ground displacement, a function of time

g(t)= %, = absolute ground acceleration = A.f@®)

K = absolute displacement of structural mass

Z =(X-Y)= relative displacement between ground and structural mass
Tp = undamped natural period of vibration of structure

Ta = natural period of electric analog circuit

~~

ole

—
i

fraction of critical damping of structure

—
i

inductance in analog circuit

o
1

capacitance in analog circuit

f
"

electric charge in analog circuit
E@) = voltage applied to analog circuit = Eof¢) => Ao

Sv = maximum Relative Velocity Response Spectrum defined in Fig, 1

Ro = measuring resistor in analog circuit

N = time factor = TVT.,

ML
R
i

voltage across measuring resistor
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Fig. la Basic Mechanical and Electrical Circuit Elements for the Response
Spectrum Analyzer,
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