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ABSTRACT: The effect of initial damping on inelastic spectra is investigated for
ljastic SYS

tems.

se. :
gecre? 1l1er values of damping.

for

1 INTRODUCTION

The usefulness of response spectra as a

to characterize an earthquake and
its effects on 3 structure was recognized
very early- For some time, however,
jesigners were using in every case the set
.f response spectra corresponding to the
1950 E1 Centro earthquake. A first step
to improve this situation was taken by
gousner (1959). By considering the
records of five strong motion earthquakes,
Qousner started by defining a new measure
of intensity, consisting of the area under
the velocity response spectrum for 207 of
critical damping from 0.1 to 2.5 seconds.
He scaled then the corresponding records
so that they would have the same intensity
and averaged the corresponding response
spectra. The resulting set of smooth,
average spectra was used extensively for
some years. A second step towards a
ﬁigharaﬂerization of strong motions
(1967) ign purposes was taken by Newmark
sl recognizing seven distinct ranges
L .:ﬂponse spectrum (see Figure 1):
vhich t;:“ge of very small frequencies for
e o relative displacement of a
Ptacticalg;a:qzilfzeeiﬁm (SD?F) o d
Y i o the maximum groun
;?]:O:lent.
3, -ransition range.

-l;ti:m“ of frequencies over which the
Teac € displacement of the SDOF system
Pf&eticailmmm value and remains |

~ 41 constant in the average.

. It is found that.Newmark's rules to construct inelastic

, from the elastic ones are appropriate for systems with 57 damping

jncreases, howev?r, the r?ducFlon in acceleration with ductility ratio tends to
conversely this reduction is higher than that predicted by Newmark's rules

' The re§u}ts presented allow to derive smooth spectra
jesired values of damping and ductility from an elastic design spectrum.

As the

4. A range over which the relative
velocity (or pseudo-velocity) of the SDOF

system is practically constant, with again
its maximum value.

5. A range over which the absolute
acceleration (or pseudo acceleration) of
the system is almost constant in the
average, with its maximum value.

6. A second transition zone.

7. A range of high frequencies for which
the absolute acceleration (or pseudo
acceleration) of the SDOF system is
practically equal to the maximum ground
acceleration.

0f these seven ranges the intermediate
ones (3, 4 and 5) and particularly the 4th
and 5th ranges are the ones of greatest
interest for most structures. They
correspond to the maximum spectral
displacement, velocity and acceleration
and they will be referred to in this paper

as the displacement, velocity and
acceleration ranges in short.

Pseudo Velocity
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hen to define the

lacement, the
the max imum

usgested a set of
lues had to be

Newmark proceeded t
design earthquake by t
the maximum ground disp
maximum ground velocity

ground acceleration and s

ich these Vva
factors b_Y whic ion of dmping; to

multiplied, as a funct The

obtain a smooth design spectrui. rk
factors originally suggested by gz:Tz ha
are reproduced in Table L - ndike -8 used to
noticed that these factors can bethe

obtain directly the spectra from il
ground motion parameters or, 4s is
often the case, to obtain the spectrum

corresponding to an arbitrary value of
damping D, given a design spectrum for
anothet value of damping (typically S

percent).

Table 1. Original ratios suggested by

Newmark (1967) to construct elastic
spectra for different values of damping.

Damping D gy e i g
(%) dmax/dG vinax/VG amax/aG
0 25 4.0 6.4
0.5 2.2 3.6 5.8
1 2l 3.2 3ol
2 1.8 2.8 4.3
5 14 1.9 il
7 1.2 1.5 1.9
10 14 .3 1.5
20 A 343 y

by Ngwmark, Hall and Mohraz (1973) who
considered a set of 28 horizontal

components of motion, found the individual

damping and conducted g2 statistical

analysis of the res
ults. The nm
Standard deviations of the Soes

Yelocity and displacement
;?fgable ¥ Further Studies
1fferent horizontal records,
»

frequenc
Y+ Strai
, Welocity andght lines ip

recommended ratios are presentgg

S

Table 2. Ratios suggested by N,
Mohraz (1979).

mo———

(7) Mean o Mean ' M Ra

: * €an :

> SO RS D06 0.5 4 o~

5 1.40 0.64 1.66 (.¢¢ §~76 0,54

10 L8 8,97 1,34 ¢ 4 1'11 0. 44
6:-

Table 3. Ratios suggested hv p:
Y K
Newmark (1979). 1dell;kﬂ

Damping D Rd R s
&4 Mean o Mean ', Mo Ra
3

2 1.69 0.83 2.03 0.gs W

5 1.47 0.64 1.55 0,60 g 88 0.7,

10 1.23 0.48 1.20 0.44 | 5, -

— T LBy,

Py

The effect of damping o :
had also been studiZd fmucﬁ ziiizi }S)pectra
Arias and Husid (1962) who (:4:}1’1(:11.1dec1y
for values of damping between 0.02 3 Ehat
0.20 of critical and for periods:hlzh
range from 0.25 to 1.5 seconds .
(frequencies from 0.6 to 4 cycles per
second) the ratio of the responsespfor
damping values of D and D' could be
expressed approximately by

o Bl (D'0.4
SD, D
This implies log S_ = -0.4 108 8.+ (

" o '
indicating that if tge response we]ge

plotted at any frequency versus damping in
a logarithmic scale, the points should
fgli On a straight line with a slope of
Considering earthquakes as stochastic
processes, Rosenblueth and Bustamante
(1962) had obtained from theoretical
Considerations the formula

log SD = -0.45 108(1 + 0.6Dsw) + log SO

Where So is the response for an undamped
System i f the
» 8 18 an equivalent duration ©

frgquency of the system.
sing five earthquakes with a total »

2;23 Components Garcia (1970) had
Ucted similar studies following
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g approach and comparing his
jevm™X ° i hose of Arias and Husid.
it k the response spectra were
In t'-d .t 288 frequencies from 0.025 to
-aﬁtainewith +the set of frequencies forming
0 CPS.-tr:lC progression with a ratio of
3 geome To eliminate the very sharp peaks
snonse spectra of lightly damped
re pwaS assumed that the natural
of the structure might only be
.uenf_lyhin 10Z and the spectral value at
know wit cy f was smoothed assuming a

n
fregtili dow over the range 0.9 f to 1.1

raight lines defining the
§, ne Stectrum were then obtained as

Newﬂlﬂrk :P to the smoothed response

envelﬂze Finally the values of the
Pecil::r;tion' velocity and displacement
acce

o8 obtained for each record on the
rat

of these envelopes were analyzed
basﬁstically' It should be noticed that
sta

e is essentially different
e szcjg:radopted later by Newmark,
e 4 Mohraz and Riddell and Newmark.
o aI'11:1 the I1llinois studies the
e iical analysis 1s performed first
Statﬁl the records over all frequencies
iﬁ; then the straight lines are fitted
qveraging results over the complete
frequency range of interest, Garcia
averaged each spectrum over a much
narrower frequency band, obtained
individual envelopes, then conducted a
statistical analysis of the resulting
ratios. Figure 2, taken from Garcia's
work, shows the variation of the mean
values of the ratios Ra’ Rv and R d
corresponding to a___/ ans V x/ v, and
d /d. (maximum rlggﬁonse acceleration,
vetoci y or displacement divided by the
corresponding peak ground motion) as a
function of damping, in logarithmic scale.
It can be observed that a line with a
?1"1?E of -0.4 fits very well the results
in the acceleration range particularly for
Values of damping larger than 0.05 (for
Smaller values of damping the results tend
ts'zm:how a slightly smaller slope). The
althois true for the velocity range
sati;flgh the agreement is slightly less
the sla"tm-‘}?- For the displacement range
Particol{e seems to be considerably smaller
than 0u0§r1Y for values of damping less
f):gqm,ﬂ“l + It should be noticed that the
displaccy for which the maximum
ange s?ent*ratiﬁ occurs is out of the
Sing udied by Arias and Husid.
the typ; °h the other hand, formulas of
fﬂun_d +1 .suggﬂsted by Rosenblueth, Garcia
Prwideﬁat €Xcellent agreement could be
784 by the exXpressions

B Bl 5 4 1 L omeppyc Ve N

Rd 2l Ul ) D)_O'A

log Ry = -0.4 log (1 + kD) + log R

with RO = 9 for the acceleration range,
4.5 for the velocity range and 2.1 for the

displacement range and the constant k
equal to 325, 125 and 22 for each range.

C—® Acceleration Range
10.0 A———A Velocity Range

B———-=F] Displacement Range

= == == Lines corresponding to a slope - 0.4

R

Q
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Ty

9 5.0

o

h:: '“0 = H"--.

1) "'"--___‘

> ~

0.2 02 B35 04705 .10 - 20

Figure 2. Variation of Ra’ RV and Rd'with
damping (Garcia, 1970).

Mean factors corresponding to these
formulae are shown in Table 4. These
values are close to those Newmark had
originally recommended except for undamped
systems and for the larger values of
damping (where Garcia's results are

somewhat 1arger)-

Table 4. Mean ratios suggested by Garcia

(197201,
5 Dotk B e R e B e W

Damping D (%) R,

P~
<

=
W

0 2:40 4.50 9.00
5 55 05 i ! 3.70 6.10
1 1.94 g, M L 5.01
’) 1.81 271 4.00
5 1,90 2.02 2.88
10 1.32 1.0 2.20
20 1..07 1 20 1. 67
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Garcia in the acceleralt o interesting FQ
ement ranges. ; el in
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Riddell and Newmark for the accelerati
On

£ nucl Onheg a
main interest IOT clear power planhg f
ang

larger in the acceleration range anz

SRIGNI Y. RESHISE 30, the. velocity o,

Tn the displacement range, on the .
hand, Garcia's values are elosas 1, tir
mean values of Riddell and Newmari &

(slightly larger), although the effacy
damping (slope of the lines) js stil of
almost identical.

All these results are of T P i
designing structures which are aS&m;zl
remain nearly elastic under the des;a £
earthquake (such used to be the

nuclear power plants, for instance)
regular buildings will undergo e

deformations when subjected tq Strong
earthquake motions, a fact implicitq;

recognized in design codes angd accepteq
present design philosophy. e

Inelastic response spectra for
elasto-plastic systems with zerq and tep
percent damping were presented by]ﬂMme
Newmark and Corning (1960) for the Ng :
component of the 1940 El1 Centro earthquay
and ductility ratios of 1, 1.25, 7 g i@
The ductility ratio was defined in this
study as the ratio of the maximup
diistort:?on of the SDOF system to its yield
distortion.

Newmark and Hall (1973) suggested rules
to construct inelastic spectra for
different levels of ductility and
elasto-plastic systems with 5 percent
damping, from the corresponding elastic
Spectrum. It is important to notice that
for inelastic systems a single spectrum
will no longer provide the values of
acceleration, velocity and displacement.
For a given ductility ratio u the
displacement spectrum will be equal to the
acceleration spectrum multiplied by u and
divided by the square of the natural
circular frequency w?. Newmark's rules to
obtain the acceleration (or pseudo
acceleration) spectrum consist of dividing
the elastic spectrum by p in the
displacement and velocity ranges (actually
ranges 1 through 4) and by the square root
of 2u-1 in the acceleration range (range
3)¢ - The inelastic spectrum is equal to
the elastic spectrum in the /th range
independently of the ductility. |

Studies by Sehayek (1976) using agalnf
the five earthquakes (nine componentS) :
Garcia's work showed that Newmark's rulés
applied very well to the average results
for these earthquakes and el.'.-'tst'«'l"Pl‘?‘Stic
Systems with 5 percent damping, although

M(}St
tie




L

sot provide a uniform degree of

do jsm over all the frequency
g
fﬂﬂsas;ic question that remains to be

A bﬂ ;¢ whether these rules would
’_ﬁs‘mrﬁ 1y to elasto-plastic systems
applY ®3 ¢perent value of initial damping.
Jit auld be noticed in this respect that

oecified value of damping represents
the spm’ﬁy dissipation that would take
en ot small deformations or due to
of nonstructural components
hysteresis losses are already
gince red for in the nonlinear model.
e of this work is to assess

ction

urpos 3 :
e P ot of initial damping on inelastic

e
the eff for single degree of freedom

ra
gpec:a-pIHEtic systems, and to suggest
31;; el construct these spectra from
ru
plastic spectra

5 HETHOD OF SOLUTION

A elasto"PlastiC SDOF system with damping
salues of 2€ros two, five, ten and twenty
perceﬂt was used in the study. The system
vas subjected to five different

carthquakes with a total of nine

components, the same records used by

carcia and Sehayek. These represent
noderate duration earthquakes recorded on
firm ground. The earthquakes were: El
centro 1940 NS and EW components; Taft

1952 N69W and S21W; Olympia 1949 N1OE and
N80E; Helena 1935 NS and EW; and Golden
Gate S8OE.

For a system with mass M, damping D,
natural frequency w and yield strength F
the time history of the system's responsg
vas determined through numerical
integration for each input earthquake.
From the time history, the maximum
response displacement y and the
;E:r?slazndir%}gl ductilitymggtio were

ained. e numerical integration
ls)ti‘-heme used was based on the Central
prffe;ence Formula. Two different

OCédures were used: in the first one
zg:;u:e;atl:ﬁe of the ductility ratio was

e yield strength was

au

vaiomatically modified until the desired
Uneuiec.f ik was obtained. In the second
Valuessgitihwere obtained for different

e yield f
tesulting ductilg orce and the
ty ratios were plotted

o/F  or UG/U . The value of

e Results from these two
Plotg of were almost identical. The

all the eia{; Rv R E were then averaged for
rthquakes at each frequency

cCoO ] 3 |
nsidered. Finally, straight lines were

draw
N over the three ranges considered by

smoothing the av
erage
aovninoioe thos ge spectra and

Dimensi
computnzlinless response ratios were again
sy d'e or the acceleration, velocity
lsplacement ranges. In this case,

howev :
€r, 1t was found more convenient, due

to '
t@e fact that inelastic spectra were
considered, to define

R =1

B max/UG in the acceleration

I

5 = o
= Umaxfm Uy in the velocity range

R

r 3 2 3 . .
q Umax/w -UG in the displacement

range

normalizing therefore all the ratios by
th§ peak ground acceleration, instead of
using the ground velocity and the ground
d%splacement in the velocity and
displacement ranges. The symbol RD will
be used to indicate the response ritio
corresponding to a ductility ratio p and a

damping D. R o is then the ratio for an
elastic systém.

Since the main purpose of the present
study was to determine the effect of
damping on inelastic spectra by relating
the response of a system with ductility
to that of an elastic system with the same
amount of damping or alternatively the
response of a system with damping D to
that of an identical system with the same
ductility but 57 damping, the
normalization factor is of no consequence
and disappears when the ratios of the two

responses are computed.

3 EFFECT OF DAMPING ON ELASTIC RESPONSE
SYSTEM

The effect of damping on elastic spectra
was studied first in order to calibrate
the procedure and compare the results with
those reported in the literature and
discussed earlier. It should be noticed
that although the earthquake records and
the overall procedure were the same used
by Garcia the order in which the smoothing
of the spectra and the averaging of the
envelopes was performed was the opposite.
As a result the values obtained had some
slight differences with those reported by
Garcia. They were still very close to

these ones and to the mean plus one
standard deviation results of Riddell and

Newmark for the acceleration and velocity
ranges and their mean results for the

displacement range. As noted in
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0.05 damping subjected to the P

Kl Ce
: ' Mtrg
xponent uake. Newmark's rules for bl
discussing Garcia's results Eh:uzgzsted by e“:ﬂﬂmc response spectra fo, ().E?M"‘ng
in a simple formula like t:: different for :i;mping and ductility yu are the fG.l]Q
Arias and Husid sa;:::e:oand smaller than - for velocity and displacement range:.‘ngﬁ
.05, To make this difference e g 0.05,50.05 _
:I;Paﬂ;‘ant the results a;‘.ﬁ 5 ::Tgn(}? the Rpul M
i oy ; l:n ti:::PZ:d:nZ to a damping g - for acceleration range
| value o co = :
the value of R for D = 0.05 Ro'?S/RO'OS = v/2u-~1
- M

Values of the ratio of max i mum olks:,
response to inelastjc response fo, , -i¢

B0
value of damping (R =(]:|/R ) obtaineg igwﬁn
this work were plDtEe vgrsus duCtilin

for all values of damping ConSidered'ty Y
for the three ranges (see Fji anq
and ¢c). Newmark's lines are 5lgq Sh;
these figures. Comparing the Plotg
obtained in this study with Newmark's |
can be observed that Newmark's Curves, it
almost coincide with the response Curye
for 0.05 damping in all three frequEnCyS
ranges. Hence, it was conclude
: RS e work that Newmark's rules coylg
0.4 0.5 2 (0.05/0) obtain the inelastic response spectra
0.05 damping and for a given valye of |
in knowing the elastic response for 0.05
Figure 4. Plotsfof :e:ggnijrvi;zuzcgzilzra% Gamping. For Small?r V?lues oF 4
31‘ dusgzltii'i:{yOanzndisplacement ranges. however, the reduction in the Spectral
on,

response due to inelastic behavior
(ductility u) is larger than suggested by

Newmark's rules, while it is smaller fqy
Writing then larger values of damping. This is

wn‘ln

&ty Acceleration Range
v e e e loclty Range
e o= Digplacement Range

0.2

b
0.1 0.2 0.} e uSEd tg

Mp1ing,

RD & (0-05)0. R-OS

D Acceleration Range
L# of s Newmark's Rule
the resulting values of a are as shown in ] 4551 Y T S 2 D,mp:ng
" 2 4 Damping
Table 5. A i e i
s i 2.5 e
Table 5. Exponent o for elastic system. 9.0 /
S s s e TGS
Values of « 8.0 0
Damping e SR S ST
Acceler- Velocity Displace- /10 0
ation Range ment ol
Range Range '
(aa) C'l.v) (ad) . g o :
0.05-0.20 0,415 0.371 =

0
4 EFFECT OF DAMP] i i
NG ON INELAS
SPECTRA LASTIC RESPONSE %
As pointed out earlier, Newmark i : 7
| st
the effect of ductilit; on the ragggi:: 1 2 3 4 2 auetiyity ¥
using an elasto-plastic

Figure 5a. Acceleration range.
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o L ey e M R e g T T

Damping
Damp ing
Damping
Damping
Damping

Displacement Range

\

Newmark's Rule

(/R
!

M
i
(5

z Sl 23 Damping

A—a 5% Damping
o——& 0% Damping
&—) 20% Damping

Lo o

Suctility U

Fi
Bure 5c. Displacement range.

Fi
Bure 5. Plots of the ratio of elastic

Tesponge
to inelast versus
&uctility_ ic response

zgdigziandﬁble if one considers the effect
i natiﬁtic behavior as a reduction in
i Orz. fr?quency of the system and a
energypd? ing increase in damping (due to
R ii51pat19n by hysteresis).
o iny Lhe effect of this additional
sysgemg ;§ much more significant for a
e which has initially a very small
ue of D than for systems with

substantial initial damping.
daihi inelastic response values for 0.05

: Ping were u§ed in this study as a basis

or Fhe determination of the effect of
damplng_on the inelastic response spectra.
For'a given ductility u, the values of the
ritlo of the response for a given amount
e
ratio"(0.05/D) pnoa 1 Ve?sus.damPlng
‘ : ‘Ogogarlthmlc scale and
in the form: R /R’ - = (0.05/D)". Three
plots were obtalinell for each U
corresponding to the three frequency
ranges (for example, see Figure 6 for u =
2). It can be seen from this figure that
each plot consists of two straight line
segments each with a different slope a.
The value of a of the segment in the

damping range 0.02 - 0.05 is smaller than
the one in the damping range of 0.05 -
0.20. This indicates that, for a given

value of ductility u, the rate of decrease
of the response with increasing amount of
damping is slower in the damping range
0.02 - 0.05 than in the range 0.05 - .20

o———® Acceleration Range
—— ==  Yelocity Range
s Displacement Range

(0 .05/0)

us damping

Plots of responseE vers
accelera-

¢ two and for the
placement ranges.

Figure 6.

for ductility ©
t+ion velocity and dis

Values of a as a function of u are
in Table © for the acceleration,

velocity, and displacement ranges each
with two damping ranges- Looking at the

values of a in th
three ranges, it can be seen that o

decreases with increasing M. This means

147




that the effect of damping on the

inelastic response decreases with
increasing p. This behavior can be
explained by the fact that as p 1ncreases,

the hysteretic damping increases and -
dominates over the viscous damping D which

in turn makes the effect of the latter on
the response smaller.

Table 6. Values of the exponent a, aS 4

function of ductility u, for the
acceleration, velocity, and displacement

ranges.
R R R
(0.05/D) < 1
. e T R i s M N RN
Cf.a CI'.V a d
.0 0.415 0.371 0. 130
20 0.333 D.273 0.106
3.0 0.252 0.196 0.088
4.0 0.201 0.155 0. 071
5.0 0.163 0.138 0.065
7.0 0.125 0.106 0.055

H_-—__"__——w

SRl OO SO RN Thaie s R S
CO:D5/D) > 1

i SO et « MRS D TS
a_ a. a

1:0 0.343 0.286 0.080
g 0 0262 0.196 0.065
y g 0.195 04125 0.043
5.0 0.134 0.088 0.030
s 0.102 0.063 0.025

0.070 0.040 0.018

acizlzlsg'meazs that the reduction in the
ratlon due to inelastic behavs
a4 given level of ductility j i 4
_ Y 1s smaller th
;2?:'p;EdICt?d by Newmark's rules if thezéln
1al damping is more than 5 percent and

la 1 !
am;ﬁi: if the'damplng 1s less than this
» 4S8 pointed out earlier.

velocity and displacement range

05 .05
= R /
R“ 1

acceleration range,

M

- ]ﬁﬂfﬂﬂiﬂuglel s the irualaﬁﬂtic
for_ the given values of y apg dfna
D(R ) can be found using the i

forHula:

SPong
amping
110wing

I) -n(]Ei CI
R =R 0.05/D
5 p ( /D)

The values of a for u values
4, 5, and 7/ are tabulategd in

the three ranges. The valye &
selected based on u, D, angd £
range. If the required g
the tabulated values and falls
range, one can interpolate tq o
corresponding o. Figures Fesc ts
b; also used to determine g for
oL [

for It

€L the
1a115r \na]ﬂle

.50

d

¥
(@

AECE!EratiGn

L

Range

w
o

Exponent a

. 20

.10
N

.05
.04

.03 A—aA 0.05/D< 1
(7

0.05/D0> 1

.02

0]
! 2 3 5 10 20

Ductility , b

Figure 7a. Acceleration range.

Alternatively one can derive first the
response spectrum for the specified value
of damping D using the expressions
Provided by Garcia (1970) or the factors
suggested by Riddell and Newmark (1979)
then apply reduction factors depending O

the ductility as shown in Figure >a, b,
and c,




Inelastic spectra for elasto-plastic
systems with 2, 5 and 10X damping were
also obtained by Riddell and Newmark
(1979). Their study shows the same trends

reported here although the actual values
are slightly different due to the
variations in the motions considered and
the procedure used. Their reduction
factors by which the elastic spectra have
to be divided to obtain the inelastic

spectra are larger than those of the
present study in the displacement range
(by 10 to 15%) and in the velocity range
(by 5 to 10Z) for small ductilities. They
tend to be smaller on the other hand for
larger values of the ductility. Both

5. 08/8¢ 1 studies show on the other hand that these
o—=8 0.05/0> 1} reduction factors are about 1.05 times
those corresponding to 57 damping for
systems with D = 0.02 in the displacement
range and 0.95 times the 57 damping
factors for D = 0.10. These values vary
from 1.10 to 1.25 (increasing with
ductility) for D = 0.02 in the velocity
and acceleration ranges and from 0.94 to

Velocity Range

" 5 gy g 10 20

Ductility, 0.85 (decreasing with increasing
ductility) for D = 0.10. The effect of
Figure 7b. Velocity range. damping is therefore more pronounced in

the velocity and acceleration ranges than
for small frequencies (displacement
range).
Displacement Range Similar studies have been conducted by
B the authors for different nonlinear
systems with stiffness degradation,
pinching and strength degradation (1982).
Riddell and Newmark considered also
bilinear and stiffness degrading systems
but only with 57 damping. A basic
difference is that all these systems had a
perfectly plastic range, without strain
hardening, in the present study, while
they had a second slope in Riddell's work.
Both studies concluded that the results
for stiffness degrading systems are very
close to those reported for the
0 elasto-plastic models. In Riddell's work
' they tended to have slightly smaller
ductility requirements (and therefore
slightly larger reduction factors for a
0.05/0> 1 B given ductility) while the opposite was
- true in the present study. As a result it
_ was found that the decrease in the effect
po—l SRS SN o _ of the initial damping was slightly less
| : e 10 20 pronounced when there was stiffness
Boseifity, degradation, and even less when there was
Dis additional pinching, since the internal
2 Placement range. damping generated by the inelastic
' ' behavior for a given ductility level was
somewhat smaller than for the
the exponent versus elastic-perfectly plastic systems (the
ing ranges less and exponents a were therefore slightly larger
i for these systems). |

Expunent .

&
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6 SUMMARY

The effect of damping ©on elastic :?:
inelastic spectra for elasto™pP as

systems has been investigated bY Lkl

to
considering five earthquakes with alastic
of nine records. The results for €

those
ightl different from
S ot " r researchers

previously reported by S ith the

' 1 worked W
(particularly Garcia, who s to. tha

kes) due ma
same set of earthqua ) 1 smoothing

differences in the averaging an
These differences are

processes used.
The results

not, however, significant.
for elasto-plastic systems indicate
clearly that as the ductility increases

the effect of the initial damping,
corresponding to energy dissipation gt -Low
levels of strain or by nonstructural

components, becomes less and less
important.  For a stiff structure whose

natural frequency places it in the
acceleration range the reduction in the

value of the response (spectral)
acceleration for a ductility of 4 would be

2.65 if the initial damping was 57 but
only 2.27 if the damping were 107. The
reduction factor would increase however to

3.23 if the system had only 27 damping.
The corresponding reduction factors would
be 4, 3.44 and 4.83 in the velocity range
and 4, 3.78 and 4.25 in the displacement
range.

It should be pointed out finally that
these rules, as well as Newmark's ones
are only applicable to smoothed design,
spect?a. Applying them to the results of
elastic analyses with an actual earthquak
record, to estimate the inel ] |

nelastic
response, could give Very erroneous
answers (generally unconservative).
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