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2. Dual-index Failure Criterion and Multiple Parameters of Ground Motion

Low-cycle fatigue criterion is not new, in which two independent parameters __‘f;{;.'!.yz}1
of structural response are considered instead of only one. As shown in Fig.l{a), Q is the story
shear and u the story drift, with subscript y for yield point values. For Ui>uy’ there is an inelastic
energy Ei dissipated in each hysteretic loop for inelastic structures and yu, is the maximum allow-
able story drift, beyond which the story is considered as failed. The ordinarily used single parame-
ter failure criteria are defined by one limiting value of strengith Q, deformation u, or energy
capacity E  of area oabco in Fig.l{a). The low-cycle fatigue criterion is defined by a curve of
two parameters E and u in the E-u plane in Fig.l{b) where E:z;r\.zg-:,t represents the sum of all

hysteretic loops of all amplitudes Y, 0y is the number of loops with amplitude Ujs and/t:u/uy is

the ductility factor.

Recently, Professor Ang’s group at University of Illinois has obtained the low-cycle fatigue
curve for reinforced concrete structures“‘ﬂ which can be used directly to seismic risk analysis,
and they suggested a damage index D defined as follows

D - Ju, +6/u,Q,) So dE (n

“max
where Td is the duration of strong moticn, up,.. the maximum deformation in the response, and
& a given constant. .

The importance of spectrum of ground motion has been accepred in the 50's and widely
considered now in design code and practice. Although the duration of ground motion has long
beers emphasized as a second facter, in addition to spectrum, important to structural safety against
earthquakes{zfg’s’g’ﬂ, there is stili a strong need in its specific consideration in code and practice.
A group at the Institute of Engineering Mechanics (IEM) has studied this problem and Fig.2 shows
some results which illustrate clearly the effect of duration on the safety of structures. The deter-
mination of the low-cycle fatigue fallure criterion in E and u plane or in Y space for a given
structure and the computation of structural respense _}'_:;E,u}r from a given set of parameters
A or the 1ime-history of ground motion are the task of structural analvsis and will not be discussed
here except in pointing out that & set of parameters A occurring simultaneously are needed for

risk analysis based on low-cycle fatigue criterion of failure, as indicated by the arrow between
Fig's 1{b} and (c}.

3. Jeint Probability Density of Multiple Parameters A of Ground Maotien

A joint probability P(A) of exceedance of a set of parameters A of ground motion at a site

may be defined as
P(A) = Pla> Al = S S Pla>A[M,RI(M,RIAMIR (2)

MR

where Pla> AJMR] is the joint probability of ground motion a exceeding a given vector A under
given condition of earthquake M and transmitting path R, and f{(M,R} is the probability density
function of simultanecus occurrence of M and K. Because of lack of data, magnitude M and epi-
central distance R are used respectively for vectors M and R, and _A__:{S(T},Tdsr will be used

in this paper. For numerical evaluation, it is easier to use the following expression

P(A) = Z T Pla>AM,RISF(M,R) (3)

where & F(M,R) is the probability of occurrence of those earthquakes in a region (MT&M/2) and
{R7aR/2} as shown in Fig.1{d).
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i the atrenuation law azg(M,R) is deterministic, then

Pla>A MR} =1 " for a3A
=0 foracA ) (%)

* The joint probability density function f simultaneous occurrence of A at a site is then

plAIMR) = $(M,R) ' , ' (5)
or AP(A|M,R) =aF(M,R) . (6)

which can easily be evaluated by summing up the probability of occurrence of earthquakes of
magnitude in the range (M;-AMIZ, M;+2M/2) for each shaded area within the ring formed by two
circles of radii R;-‘R/Z and RinIZ as shown in Fig.lle), from the seismicity of each potential
earthquake source zone. Y the probability AF(Mi'Ri) is plotted at center (““i'Rj) of the elemenmt
in (M.R) plane on a third axis perpendicular 16 the plane of the paper, a line diagram of probability
density function is then obtained, which is also the ‘joint probability density function sP(A ‘M,R)
of simulianeous occurrence of ground motion parameters A.

It is imporiant to emphasize here that one merit of the joint probability density function
sF(\LR) or 8P(A[ALR) is that it gives the probability of simultaneous occurrence of a set of multi-
ple parameters A of ground motion related to & given set of M and R. In the procedure currently
in use, on the comrary, maximum acceleration {or spectrum) and duration are evaluated separately,
and cannct be wused topether to study the low-cycle fatigue safety because they will in general
not occur simultaneously.

For different sites, the joint probability density aP(A[M,R) of ground motion A should be
re-evaluaied because distance R from site to source changes, but same function &P(A [M;R) may
be used for different siructures at that site.

k. Generation of Artificial Time-History of Ground Motion

Fer response amalysis or fragility test of structures, it is required to have a set of time-
histories of ground motion generated from the estimated parameters A. There are many widely
used procedures and computer programs for this purpose, but author's group at IEM has worked
out a procedure differing from the current ones in that, during the iteration of adjusting the Fouri-
er componems of the time-history, the effect of phase angles randomly assigned is seriously consi-
dered 10 accelerate the convergence of iteration. The basic idea is that, in their contributions
10 any response speciral ordinate under consideration, some components to be adjusied to maich
the 1arger specirum may have positive contribution while other components may have negative
contribution, and they should be treated differently but not so in all current methods accessible
to the authors.

5. Tora! Probability of Failure

With both the low-cycle fatigue failure criterion and ground motion A given for all sets
of ¥ and R, & safe-failure boundary curve such as that in Fig.l{c) can be obtained either by deter;
ministic approach or by probabilistic approach; for the fatter case, the ground motion parameters
A should be random, such as power spectrum and mean and variance of duration. In the present
paper, deterministic approach‘ is used. The responses Y, or E and u, can be computed for given
sets of A obtained for elements in (M,R) plane and they are then compared with given failure
criterion. After sufficient computation, a safe-failure boundary curve corresponding to the given
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failure criterion curve can be drawn on {M,R} plane as shown in Fig.i{d), unnecessary 1o refer
to Fig.l{c}. Total probability of failure Pf is” theén just the sum of all the probabilities of those

elements on the upper side {of greater magnitude M) of the boundary ‘Curve 'in’ the (M,R) plane,
i-€. )

Py = L JAF(M;R;) . . ) SR
13

6. A Numerical Example

Cne numerical example is given here to illustrate the procedure outlined above. For a nuclear
power plant site in China, the future potential earthquake source zones are given in Fig.l(e) and
the joint probability density & F(M,R} is computed from the given parameters of seismicity of
each zone and given in Fig.3. The attenuation laws for velocity response spectrum S${T} on rock
site by Boore and Joyner{ﬁ and for duration Tu by MCGU‘,;@[S} are used but with coefficiens
modified 1o consider the ground motion artenuation in the local regéor,{é];

A simple structure as shown in Fig.b{a) is. used as an example. The low-cycle fatigue strength
curve is given in Fig.4(b} for each story. : k

Two methods are used to compute the structural responses E and u of each story of the
structure. The first method is the true dynamic analysis by integration of the nonlinear dynamic
equation of motion for the given time-history alt) of ground motion. For each node in the (ALR)
plane in Fig.3, five accelerograms are generated from the spectrum and duration computed from
the atrenuation laws. After a comparison with the given fatigue curves, a safe-failure boundary
curve is obtained and plotted in Figi3. ' i ”

The second method is a pseude-dynamic one by nonlinear response specirum. From the linear
response spectrum obtained above, a nonlinear response spectrum is obtained by Newmark's method
o an assumed ductility factor. Responses of maximum drift U of each story can be obtained
from the nonlinear respense spectrum by superposition. The perieds of the equivalent linear system
are then estimated and the cumulative energy dissipation E is obtained from the equivalemt number
of hysterstic loops and mean amplitude of the loops. The safe-failure boundary obitazined is plotted
as dots in Fig.3,

It is seen from Fig.3 vhat results from two methods are reasonably clase. The probability

. . . L i
of failure is Iinally computed and it is Pf = 2.F 0w 10T

7

dTary

To carry out seismic risk analysis for critical structures where low-cycle fatigue is important,
a method 15 suggested in the paper. There are four major poimts as fellows. (1} Bt is clear now
that the sirength of many kinds of struciures and equipments can be described better by twe
parameters Y such as cumulative energy dissipation and deformation than by only ope of .them.

{2} Multiple parameters of ground motion are required to determine the wivuctural responses Y.

Two parameters of A are considered in the paper, ie. the spectrum and duration. (3} The joint
probability  density of occurrence of earthouskes of magnitude B at distance B from the site
s evaluated and it is just the jeint probability density of gimulteneous coclerence of multiole
parameters A of ground metion which s related 1o M and R by attenuation laws. (3} A new method
of peneration of time-history of ground motion from known pardmeters A is sugpested. (5} Probabi-
bty of siructural failure can be obtained when responses ¥ are obtained from: input ﬁ'md & e
erical example is given to illustrate the proposed method. '
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