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ABSTRACT. By equating the energy supplied to a test frame d?ring a base
disturbance to that which would have been dissipated had a linear daéhpot
been imparted the same velocity response as the original fram? substitute
damping ratios have been obtained. It is shown that tbgse rgtlos are rel-
atively independent of the maximum deformation. Comparison 1s made bgtween
the experimental displacement and acceleration maxima and those obtained
from linear response spectra using substitute damping ratios apd frequep—
cies related to the maximum displacements. Implications on design are given.

NOTATION.
¢ = dashpot constant

k = stiffness; slope of the line Jjoining the point on the force-. )
displacement curve where maximum displacement occurs with origin

m = mass
t = time
T = total duration of the base disturbance
x(t) = relative displacement; % = dx/dt, X = dzx/dt2
¥(t) = base acceleration
Bs = substitute damping ratio
A = “"characteristic" circular frequency, (Eq. 3)

INTRODUCTION. The design engineer is frequently beset with the problem of
ascertaining the amount of damping which should be included in the dynamic
analysis of structures. Often, linear analyses prove to be more expedient
so that damping becomes a matter of grave concern. To answer in part the
needs of the designer in a viable way, the equivalent coefficient of vis=-
cous friction has been proposed (2), (3). In this paper, a different ap-
proach to determine experimentally substitute damping ratios for rein-
forced concrete frames is described.

THE TEST PROGRAM. Technological advances have made possible the operation
of systems which allow the testing of structures or structural subcomponents
under a variety of base motions (5). The University of Illinois Earthquake
simulator was used for the experiments described herein. Two different-size
series of frames, shown in Fig. 1, were tested. Each frame was bolted on the
platform of the Simulator and then shaken either with sinusoidal or with
simulated earthquake motions (1). Recordings were made on magnetic tapes

of the base and the response (absolute) accelerations and the relative dis-
placement of the top girder. A given frame was subjected to successive base
disturbances. The dynamic response of the frames has analytically been
predicted with good accuracy (1).

(1) wphivd Lieutenant, Turkish Army.
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SUBSTITUTE DAMPING RATIOS. Resonance tests have been conducted on struc-
tures to determine damping, e.g. (4). To determine the damping ratio for
a reinforced concrete frame stressed past the yield 1limit by this approach
would, however, be untenable as there is no unique and stable stiffness,
or frequency, at which resonance occurs. To obtain a measure of the energy
dissipated and then to express it in the familiar linear terms, the fol=-
lowing approach was adopted:

It can be shown that the total energy supplied to a one-degree-of-
freedom oscillator subjected to a base acceleration of ¥(t) for a total
duration of T seconds is given by

T
Energy Input = - n fo y(t) x(t) at (1)

Equation (1) holds irrespective of the spring properties of the oscilla-
tor. The input energy is then dissipated by hysteresis, damping (linearly
viscous or otherwise), heat, etc. If it is supposed that all of the input
energy is dissipated within a hypothetical dashpot of constant ¢ which is
imparted the same relative velocity, x(t), as the oscillator, this con-
stant can be found from the relation

T T 2
c=-m/[,§(t) x(t) at / [ [ x(t) ] at (2)

In the test program, all quantities on the right hand side of Eq. 2
were either known a priori, or measured, or could be derived from measured
quantities. To relate ¢ to the properties of the system for which it was
derived, a "characteristic" circular frquency, A, for a given test frame
and for a given test run, was defined as

NIRRT /CON YA EICON I (3)

where the square root sign extends over the entire expression. It can be
shown that neglecting the "damping" force, A can be found by taking the
square root of the ratio of the stiffness obtained by jJoining the maximum
displacement on the force-displacement curve for a frame with the origin
and its mass. In Fig. 2, the qualitative force-displacement curve for a
reinforced concrete frame stressed to ultimate is shown along with two dif-
ferent "stiffnesses". Replacing ¢ in Eq. 2 by 2 Bs m A, the substitute
damping ratio, B_, was then obtained for each frame for each run. In Fig. 3,
the variation ofsB with the ductility ratio, i.e., the ratio of the maximum
displacement to thé yield displacement, is shown. For small values of
ductility, i.e., small amounts of incurred damage, the substitute damping
ratios are also small. For ductility ratios of 2 to 4, B_ generally tends
to remain below 0.12, and even for ductility ratios of 6 or 7 it is below
0.15. The qualitative similarity between the average dashed line passed
through the experimental points and those given by Hudson (2) should

be noted.

TEST RESULTS VS RESPONSE SPECTRUM VALUES. To provide an indirect check of
the data reduction and to obtain a vehicle for using substitute damping
ratios for preliminary design, the test results were reevaluated "backwards"
by using the response spectrum technique with the experimentally determined
values of frequency (Eg. 3), and the damping ratio obtained from Eq. 2.
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Using the numerical data for the response spectrum for each.base accelera-
tion, the spectral displacement and acceleration corresP?ndlng to each ‘
test frame and for each run were compared with the experlmentally measured
maximum displacement and absolute acceleration. This comparison 1s summa-
rized in Fig. 4. In view of the usual jagged form common to response spect-
ra and the wide differences between values found for a given frequency but
for different damping ratios, the agreement is very good. It should be
noted that the mean value for the ratio of spectral to measured accelera=
tion for all data points is 0.99, and that for displacements, 0.98.

DESIGN IMPLICATICNS. Although caution should be exercised not to draw too
Gniversal conclusions from the results presented, it may be stated that
the substitute damping ratio, a measure of the energy dissipation over the
entire duration of the base disturbance (as opposed to the equivalent
damping ratio which is based on the energy dissipated per cycle in steady-
state response) is a slowly varying function of the ductility. The close
agreement between spectral and experimental maxima (Fig. 4) suggests that
linear response spectrum curves may be used to estimate the deformation of
similar reinforced concrete frames. Given the "design" spectrum, the maxi-
mum displacement may be estimated, and with the dimensions and material
properties known, the force-displacement curve for the frame can be calcu-
lated. Joining the estimated maximum displacement on this curve with the
origin (such as k. in Fig. 2), a stiffness is obtained. A is given by the
square root of the& ratio of this stiffness to the mass of the structure.
With the ductility ratio known from the estimated displacement, the damping
ratio to be used in design may be obtained from Fig. 3. Then, armed with a
frequency and a damping ratio, the design spectrum may be entered to find
the spectral displacement. If this value and the original estimate agree,
design should be based on the corresponding ductility; otherwise the
spectral displacement should be taken as the new estimate and the previous
steps covered again (1).

REFERENCES .

1. Giilkan, P., "Response ard Energy Dissipation of Reinforced Concrete
Frames Subjected to Strong Base lMotions," Ph. D. Thesis, University of
Illinois, May, 1971.

2. Hudson, D. E., "Equivalent Viscous Friction for Hysteretic Systems with
Earthquake like Excitations," Proc. Third World Conference on Earth-
quake Engineering, Auckland and Wellington, New Zealand, 1965.

3. Jennings, P. C., "Equivalent Viscous Damping for Yielding Structures,"
Journal of the Engineering Mechanics Division, ASCE, February, 1968.

4. Nielsen, N. N., "Dynamic Response of Multistory Buildings," Earthquake
Engineering Research Laboratory, California Institute of Technology, 1964.

5 Sozen, M. A., and S. Otani, "Performance of the University of I1llinois
Earthquake Simulator in Reproducing Scaled Earthquake Motions," Proc.
U.S.=Japan Seminar on Earthquake Engineering, Tokyo, 1970. )

— 1504 —



Force

— A
Steel
Plates (W
- T
) B
— CE
! i D
I it
F
Direction of Motion
B e
) A B C D E F fo | f W
Series | o L in | in. | in. | in.| in | psi| kZi| Lb
1 32 13 6 | 24| 40 |5700] 40 |1400
2 64110 | 261 12 | 48| 80 5400 49 .|4000
FIG. 1. TEST FRAMES
Xmax1 o
Xmax2
A ZU‘/Ltimote
Yield
%y k.
Force
o
&
of
o
Y/

—

Displacement

FIG. 2. FORCE-DISPLACEMENT CURVE FOR A FRAME

— 1505 —



Spectral Acceleration

Substitute Domping Ratio, A2

020 T T T T T T T T v v 4 o
0.16 — o _ .
,w’/”’
012 o “//((". -
[+ ° ////'. i
0.08 I~ < ° o Series 1
3/ e Series 2
D.Ol.r ;zf’ ° .
/
)
0 ° 1 | [ | l L | l | |
0 1 2 3 4 5 6 7 38 10 11 12 13
Ductility Ratio
FIG. 3. VARIATION OF SUBSTITUTE DAMPING WITH THE DUCTILITY
RATIO
2.0 2.0
Series Acc. Disp.
- 1 o o <
wn
215 2 - ¢ 1523
o 213
a - =
< o 0 . g a2
) oce® ° | g -
CEY.Y S Y . . 10 2|9
a o w w
© . - @ =4l
= °8o . of AE
31 a ° D |
© 05 052 |3
= = =
0 ' l ] ! l l 0
— 0 2 4 B 3 10 12 14
(14) {12) (10) (8) (6) (%) (2) (0) ~—I

DUCTILITY RATIO
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