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SYNOPS1IS

Twenty each of five different types of artificial earthquake accelero-
grams were generated for computing nonlinear response spectra of five structural

models representing reinforced concrete buildings. To serve as a basis for
brobabilistic design, mean values and standarg deviations of ductility factors
were determined for each model having a range of prescribeg strength values
and having a Yange of natural pPeriods. Adopting a standard design philasophy,
required Strength levels were investigated for each model. Selected results

obtained in the overall investigation are presented and interpreted in terms
of prototype behavior,

INTRODUCTION

the variable Properties of structures, large uncertainti
structural response. Therefore, nondeterministic method
recognize these uncertainties should be used leading to
in probabilistic terms.

ARTIFICIAL EARTHQUAKE ACCELEROGRAMS

- Five specific types (Tvpes A, B, Bpy, C, and D) of artificial accelero-
were generated using a modified version of the program (PSEGCN) [1,5],
ta nary wave forms having a constant bower spectral density function
) of intensity Sy were modified by multiplying by a prescribed
y function, passing the resulting wave forms through both high
cy filters, and finally by applying a baseline correction in
1€ ‘Procedure of Berg and Housner [6].
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Five time intensity functions were used as shown in Fig. 1. These
functions are identical to those used previously by Jennings, et al. [2].
The selected high frequency filter function is plotted in Fig. 2a for
Wy = 15.6 rad/sec and £, = 0.6. These same values of W, and &y were used
for four of the five classes of accelerograms, namely, Types A, B, C and D.
Accelerograms Type Bga used the same value for w,, i.e. 15.6, but a different
value for EO, namely 0.2. The low frequency filter function used is shown in
Fig. 2b. The values of T_ used in this function were 7 seconds for Types A, B,
Bpgz and 2 seconds for Types C and D.following the suggestion of Jennings,

et al.[2].

The constant power spectral intensity S,, used in generating the station-
ary wave forms, was assigned the value 0.8952 ft?/sec®. Table 1 lists the
mean values and standard deviations for the peak accelerations in all five
classes of accelerograms. The mean values and standard deviations for the
infinite number of accelerograms of each class were estimated in accordance
with the method of Gumbel [7]. In view of this mean peak acceleration and '
the time intensity function used, the Type B accelerograms closely represent
that class of motions containing the N-S component of acceleration recorded
during the 1940 E1 Centro, California, earthquake [2,3].

STRUCTURAL MODELS
A. ORIGIN-ORIENTED HYSTERETIC MODEL

One of the five structural models used in this investigation was the
so-called "Origin-Oriented" hysteretic model proposed }- Umemura, et al.
[8]. This model is shown in Fig. 3 where it is characterized by Py.s Psyr
Vser and vg,, which represent the concrete shear cracking strength,” the
ultimate shear strength, the relative displacement produced by pg., and the
relative displacement produced by Psyr respectively. Two other parameters
are used in generating response spectra, namely, period T, = vm/k; and ratio
iPsc/mGgo) where m is the mass of the single degree of freedom system and
Vgqo is the mean peak ground acceleration. Through the use of this ratio,
the absolute values of mean peak acceleration shown in Table 1 need not be
specified separately.

B. TRILINEAR STIFFNESS DEGRADING HYSTERETIC MODEL

Four of the five structural models used in this investigation were the
so-called "Trilinear Stiffness Degrading" hysteretic model [8]. This model
is shown in Fig. 4 where it is characterized by ppc: PRy’ VBc: and vy which
represent the load at which the concrete cracks due to flexure, the load at
which the main reinforcing steel starts yielding due to flexure, the relative
displacement .produced by pp., and the relative displacement produced by Ppy’
respectively. As in the case of the origin-oriented model, two other -
parameters are used in generating response spectra, namely, period T; = Vﬁykl
and ratio (pBY/ngo).

One characteristic feature of the trilinear stiffness degrading model
worth noting is that when subjected to full-reversal cyclic displacements
at a constant amplitude the bilinear hysteretic loops are perfectly stable.
Using period T, = 2TM/m/k_ one can calculate the equivalent damping ratio 3
for a linear viscously-dgmped single degree system which represents the same
energy absorption per cycle of oscillation. This damping ratio is shown in
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Fig. 5 for each of four different bylinear models together with the parameters
of each model.

DUCTILITY RESPONSE SPECTRA

Mean maximum ductility factors U and their corresponding coefficients of
variation were generated for the origin-oriented shear model and the four
trilinear stiffness degrading flexure models using the 20 response time
histories for each class of earthquake ground motions. Two examples of the
results obtained are shown in Figs. 6 and 7 for the origin-oriented models
and for one of the four trilinear models, respectively, when subjected to
Type A excitations.

For each type of earthquake excitation, the maximum ductility factors
generally increase with decreasing period and the spread of these ductility
factors over the full strength range increases with decreasing period. Also
these ductility factors for a fixed period increase with decreasing structural
strength. The trends of the coefficients of variation for the maximum ductility
factors with period are similar to the trends just described for mean maximum
ductility factor, particularly regarding strength level and strength variation.
It is most significant to note that the coefficients of variation are low when
the response is essentially elastic (4 < 1) but they can become very large with
increasing inelastic deformations.

USE OF DUCTILITY RESPONSE SPECTRA FOR PROBABILISTIC SEISMIC DESIGN
A. SELECTION OF REQUIRED DUCTILITY LEVELS

Previous investigations have shown that the probability distribution
function for extreme value of structural response for a single class of earth-
quakes follows closely the Gumbel Type 1 distribution [1,3]

P(W) =exp {~exp [0 (u-wl} (1)

where Y is the maximum response measured in terms of ductility factor, and

0 and u are parameters which depend on the average and standard deviation of
U. If only 20 sample values of U are available as in this investigation, o
and u can be obtained using the relations [7]

a = 1.063/0U and u = J - 0.493 Gu (2)

Suppose for example, it was decided that a 15 percent probability of
exceedance was acceptable, i.e. P(U) = 0.85. Using Eq. (1) and the data
provided in Figs. 6-7, one can easily establish that ductility factor Hgsg
associated with P(U) = 0.85. This has been done for two trilinear stiffness
degrading models subjected to Type A ground motions giving the results shown
in Fig. 8.

CTION OF REQUIRED STRENGTH LEVELS
stablish the required strength levels of the various structural

each class of earthquake motions, one must first prescribe basic
tent with the basic design philosophy. It will be assumed
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that moderate and severe earthquake conditions are represented by 0.30g and
0.45g, respectively, for the corresponding peak ground accelerations. Further,
the two ductility factors, consistent with light and heavy (but controlled)
damage, are chosen as 2 and 10 for the origin-oriented shear model and 2 and
4 for the trilinear stiffness degrading model. The values of mean peak
accelerations and ductility factors selected above follow the suggestions of
Umemura, et al. [8].

Using data such as shown in Fig. 8 for each structural model and for each
type of earthquake motion, i.e. using curves of lggz vs. Ty, one can easily’
obtain the required strength ratios (BEEpy/m Ggo) for discrete values of T;.
Linear interpolation between the curves (lgs vs. T;) for a fixed value of T1
can be used for this evaluation. The resulting required strength ratios can
then be plotted as functions of period T, as shown in Fig. 9. When judging
which of the two prescribed ductility factors control a particular design, one
should be careful not to base the decision on a direct comparison of the
required strength ratios as shown in Fig. 9, but to select the larger of the
two strength ratios required to satisfy the prescribed maximum ductility factors
under moderate and severe earthquake conditions. The required strength ratios
for the trilinear models are shown only for Hgs = 4 since the heavy damage
criterion always controls the design.

Two characteristic features shown in Fig. 9 are that the four curves
representing earthquake Types A, B, C, and D are gquite close together in each
case showing that the influence of duration of ground motions is not large,
and that the required strength ratios for relatively larger periods vary in
a linear manner with negative slopes along the log scale for T;, i.e. con-
verting to a linear scale, the strength ratios would vary in inverse proportion
to the square root of T;.

One significant feature shown in Fig, 1 where the required strength ratios
are plotted as functions of periods Ty, is that the ratios vary considerably
with period To and the equivalent damping ratio Ee (see Fig. 5); therefore,
these two parameters are important to the seismic response of reinforced
concrete structures of the flexural failure type,

When using the results in Figs. 9 and 10, one should remember that they
are based on the ground motion parameters wg = 15.6 rad/sec (T, = 0.4 sec)
and £, = 0.6 which represent firm ground conditions. If one should have quite
different ground conditions, these parameters should be adjusted appropriately.
These adjustments shift the level of the predominant frequencies in the ground
motions and also change the mean intensity level 590. With considerable
experience and using engineering judgment, certain modifications to the data
in Figs. 9 and 10 can be made to reflect these new conditions.

CONCLUDING STATEMENT

The mean maximum ductility factors and their corresponding coefficients
of variation presented herein provide the necessary data for carrying out
probabilistic seismic resistant designs consistent with basic design criteria
and the statistical nature of earthquake ground motions.
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Fig. 1 Time Intensity Functions

ORIGIN SKELETON
CURVE

[
1eag, (&)°

e e

il
o 10 2.0 30
w/wy {a)
1 L
Vr R
T -u[mrn,)‘]"l Y
'y e
it Yoy 100 vpe
T 2wt F ~Pe K *O1 K,
T hye0l9 Ky
< - ~P, /
cA' e v / / SKELETON CURVE
; / : AFTER YIELDING
o
R Q b

l?ix. 3 Origin-Oriented Hysteretic Model Fig. 4 Trilinear Hysteretic Model




REQUIRED STRENGTH RATIO (8)
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Fig. 5 Stable Bilinear Hysteretic Loop for
Trilinear Stiffness Dggrading Model
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Fig. 7 Mean Ductility Factors and Corresponding Coefficients
of Variation for Trilinear Stiffness Degrading Model
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Fig. 6 Mean Ductility Factors and Corresponding Coefficients

of Variation for Origin-Oriented Model
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