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SUMMARY

This paper is the improvement and development of our previous papers (Refs.1,
2,3), in which a fuzzy random stationary model of future earthquake ground motion
is established, and a basic analysis method of fuzzy random response of structures
subjected to earthquake is presented. Furthermore, by taking account of the fuz-
ziness of the damage criterion, the fuzzy random dynamical reliability of asismic
structures is defined and the corresponding analysis method is proposed.

INTRODUCTION

The earthquake toads specified for the design of aseismic structures depend
mainly on the predicted earthquake intensity and the site soil classification. The
randomness of earthquake motion has been commonly acknowledged for a long time,
but recently people have begun to recegnize the fuzziness of earthquake descrip-
tions resulting from the lack of distinct definitions and evaluation norms for the
earthquake intensity and the site soil classification. In addition, the damage
criterion of aseismic structures is often fuzzy. In this paper, on the basis of
full consideration of the fuzziness and randomness abovementioned, a basic analy-
sis method of fuzzy random response and fuzzy dynamical reliability of aseimic
structures is presented.

FUZZY RANDOM STATIONARY MODEL OF EARTHQUAKE GROUND MOTION

Random Process with a Fuzzy Parameter Let A be a fuzzy subset with membership
function p,(u) on R, R=(-co0,c0). Then, & is called a fuzzy variable on R, if §
takes its value in R and is restrained by the fuzzy restraint RCE& >=A, which makes
& =u have possibility

ngCu) = Poss{ & =u} = B P

ny is called the possibility distribution function of ¢ and u¢ R is called-a
fuzzy sample value (or F-sample value for simple) of & (Ref.4).

Similar to the definition of mathematical expectation of random variable, the
expectation of fuzzy variable can be defined as

E, [&] :S_‘:uﬂ‘ (u)z‘lu/S_‘::‘n4 Cu)du D)
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which is called F-expectation of fuzzy variable &. For distinguishing, the ex-
pectation of random variable is called R-expectation and denoted by E, [€].

Let & be a fuzzy variable on R, X(¢&,t) is called a r?ndom process w;tﬁ the
fuzzy parameter &, if when & takes any fixed value u in R, X(u, t) is a random
process. X(u, t) (u€R) is called a F-sample process of X(§,t). Evidently, ag{
F-sample process of X(&,t) is an ordinary random one. Therefore, the continuity,
differential and integral of XC&,t) can be defined by its F-sample processes. For
example, let TSR, if for any u€ G={u| ny (>0}, X(u, t) is differentiable on T
in the mean sense (m.s), then we say that almost all F-sample proce§ses‘of XCE,
are differentiable on T in m.s and say that X(&,t) has a.f.m.s derivative. The
a.f.m.s derivative of XC&,t) is denoted by

YCE,t) = dX( &, t)/dt (t€T, a.f.m.s) (&P

It can be proved that a . f.m.s differential and integral for X( &, t) has properties
as same as m.s differential and integral for random processes.

Fuzzy Random Stationary Model of Earthquake Ground Motion Generally, earthquake
ground motion can be simulated as a random process. But the parameters in the
random model of ground acceleration employed in the design of aseismic structures
are often determined according to the seismic intensity and site soil grade. As
mentioned above, seismic intensity and site soil classification have strong fuzzi-
ness. In our previous papers (Refs.1,2), by taking this fuzziness into account,

a fuzzy random model of earthquake ground acceleration is established, which can
be expressed as a random process with a fuzzy parameter and denoted by {aC§,t),

. (u)}. For the stationary model, a(§,t) has zero R-expectation and power spec-
tral density S.C&,t) expressed by
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in which ¢, and @, are respectively F-expectations of the damping ratio and
predominant frequency determined according to the site soil fuzzy grade, the fuzzy

parameter § is the stationary standard variance of a(&,t) and has possibility
distribution function as follows

Tg(u) = 0.5sin(1.4427lnu-I,+1.178) 7 +0.5, w€ [£CI,-1), fCI, +10)=[u,,u,] C5)

where 1,=1,2,...,12, is the fuzzy intensity ordinal number and f is the relation-
ship function between the intensity v and the standard variance u of ground acce-
leration,which can be expressed as

u = f(v) = 40x2°°°¢ , veE [0,12] 6)
The random process a(&,t) with a fuzzy parameter & can be used as the fuzzy ran--
dom model of earthquake acceleration and its power spectral density and possibili-
ty distribution function are respectively expressed by Egs.(4) and (5).

FUZZY RANDOM EARTHQUAKE RESPONSE OF ASEISMIC STRUCTURES
Model of SDOF Hysteretic Structures If the earthquake ground acceleration is

simulated by the.fuzzy random model aC & ,t), the motion equation of the SDOF
structure shown in Fig.1 can be expressed as

mX + c,i + £,(%,% = -ma( &, t)
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in which m and c§ are respectively the mass and viscous damping coefficient of the
structure, f,(X,X) is the hysteretic restoring force of the structure and may be
taken as the slip-hysteresis (SH) model as shown in Fig. 2.
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Fig.1 SDOF Structure under Fuzzy — SH Model --- CSU Model
Random Ground Excitation Fig.2 Restoring Force Model of the Structure

A slip-hysteresis model can be replaced by a Coulomb-set-up (CSU) model with
equal hysteretic loop areas (Ref.5). Thus, the restoring force f,(X,X) can be
analytically expressed as

f,(X,i) = A‘sgni + A, X + A, sgnX <€D

in which sgn{+] is the sign function, A, =A,=(1-8)f,, A,=6k, where k is the pri-
mary stiffness coefficient and f, is the yield shear force, as shown in Fig.2.

Fuzzy Random Earthquake Response of the SDOF Structure Equation (7) is a sta-
chastic differential equation with fuzzy parameter & . Noting that the fuzzy
excitation aC§,t) may be expressed by a series of F-sample processes such as
alu, t), u€G={ulny Cu)>0}, we define that X(¢,t) is the a f.m.s solution of Eq.
(1), if for any u€ G, X(u, t) is the m.s solution of Eq.(7). According to this
definition, by means of the stochastic equivalent linearization technique, the
equivalent linearized equation corresponding to Eq.(7) can be expressed as

mX + c, X + k.X = -maCE, t) 9
in which the equivalent linear damping and stiffness can be obtained as

(8 = + VAV VT 0iCED]; K (EIATA /[T 0, (E)] an
Thus, the a.f.m.s solution of Eq.(9) can be easily obtained as

X(§,t):S:h(t—1)a(§,t)dt an
in which h(t-t ) is the unit pulse response of the equivalent linearized system

described by Eq.(9).

From a.f.m.s solution (11), by means of the random response analysis method
and some proper simplifications, the stationary variances of earthquake responses
XCE,t) and XCE,t) of the structure can be obtained (Ref. 1),

03(E)=nmS. (¢, 0.0/ [c.CEVk.C(ED]; oi(Ed=namS. (&, w.)/ [c.CEI] U

where w,=/k. /m. It should be noted that they are all the functions of fuzzy
variable & .

It can be seen from above analysis that the earthquake response of the struc-
ture clearly possesses fuzziness and randomness, owing to the fuzzines§ and ran-
domness of earthquake excitation. This kind of fuzzy random response is ?lso a
random process with the same fuzzy parameter as in the earthquake excitation,
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FUZZY SAFE CRITERION AND DYNAMICAL RELIABILITY OF ASEISMIC STRUCTURES

Fuzzy Safe Criterion  The dynamical reliability analysis of aseismic structures
is the problem to find the probability of the random response without exceeding
the safe boundary in assigned time interval [0,T]. At present, this boundary is
considered as a clear-cut line, which is very unreasonable for many practical
problems.

In engineering practice, it is often very difficult to give a distinct defi-
nition for the damage of a structure. In general, there should be a gradually
transient state from nondamage to damage., Especially in the earthquake engineering,
the damage grades of a structure are often divided into the following five grades,
stight, moderate, severe, destructive and collapsed damages. These damage grades
possess strong fuzziness and we can not use clear—cut values of structural res-
ponse as the boundaries between these grades. Therefore, if the response X(t) of
a structure, which may be the displacement, stress or cumulative energy response,

is taken to define the damage grades of the structure and the damage grades are
divided into

{B.,B.,B.,B.,B.} = {slight, moderate, severe, destructive, collapsed} ap

then every damage grade B, (i=1,2,...5) should be a fuzzy subset on the value
region R of the response "X(t).,  The membership functions of B, Ci=l,2,...,5) have
the character as shown in Fig.3.

Let BY represent the fuzzy safe region in which B, or more severe damage will
not occur for the structure, its membership function curve should have the form as
shown in Fig.4 and may be expressed by

1 (x<<b,_y)
}Lﬂ(X) = 0.5{1-sin[(x-b, _, >/ (b, -b,_,)-0.5) =} (b, ., <x<Db,> a4
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Fig.3 Membership Functions of B, (i=1,2,...5) Fig.4 Membership Function of B}

If an important displacement of a structure is taken as the control response
of the structure safety, obviously when it is fallen into the fuzzy safe region B.,
the structure will not suffer B, or more severe damage to certain extent. Since”
the earthquake response X( ¢, t) has fuzziness and randomness, this safe criterion
¢can be expressed as

8 = {(XC&, ) €SBy, 1<t<T} 15>

~

This is a fuzzy safe criterion. The probability that the response satisfies this
fuzzy criterion is defined as the fuzzy random dynamical reliability of the struc-
ture.
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Fuzzy Random Dynamical Reliability According to the fuzzy safe criterion (15),
the fuzzy random dynamical reliability is defined as

P.CE,BI, T = P(@) = P(X(E, 1) S BT, 0<t<T} 16>

Since the fuzzy random earthquake response X( &, t) of the structure consists
of a series of F-sample processes X(u,t) (u€R) with different possibilities
mg (u), if all F-sample processes of X(&,t) are fallen into the fuzzy safe region
BY, then XC§&,t) is fallen into the region BY. Thus, firstly, we must find the
probability P,(u,Bf,T) that the F-sample process X(u, t) is fallen into the fuzzy
safe region BY in the time interval [0,T]. It is obvious from Eq.C16) that

P, (u,BY, T) = P(X(u, ) € B}, 0<t<T) an

By means of the random point process theory and based on proper assumptions, the
concrete formula of P,(u,B,,T) can be obtained as follows (Ref.3)

P,(u,BIT) = exp(-0.50 ,THCu, B>/ =} as)

in which
HCu, BY) = expC-0.5b%, / 02) + exp(-0.5b / 03> + D,

b.
D, = g.,' [zexp(-0.52% 02)/ a%lsin[Cz-b, ., >/ (b, -b,_,)> - 0.5)n]dz
i-)

where o,=-0,(u) is the stationary variance of the F-sample process X(u, t) and
may be obtained by Eq.(12).

Substituting & for u in Eq.(18), the fuzzy random dynamical reliability
P,C&,By,T) can be obtained, which is the function of the fuzzy variable §.
Taking F-expectation for P,C&,B],T), the corresponding dynamical reliability in
nonfuzzy form can be obtained, 1i.e.

P.(Bi, T = E, [P.C&,BT, D) a9

Since it is difficult to obtain the analytical expression of F-expectation
f,(gf,T),by taking evenly N F-samples of § in G:{ulng(u)>0}, the F-expectation
P.¢BT,T) can be approximately obtained as

- N N
P.(BI,T) = ZP.(u,, B}, DagCu,d)/ X ng (u,) [€11p)
=t ~ 3=

P_(EI,T) is a nonfuzzy value, it can be used in the similar way to ordinary
dynamical reliability. Of course, its physical meaning is different from that of
the latter, because it has taken into account the fuzziness of the earthquake
excitation and of the damage criteria,

NUMERICAL EXAMPLE
Consider a SDOF structure. It is assumed that the restoring torce of the

structure can be described by the slip-hysteresis model using the structural para-
meters listed in Table 1

It is assumed that after the fuzzy Table 1 Parameters of the Structure
site soil grade is obtained by the -
comprehensive evaluation technique, m (ts’sm)|c, Cts/m)|k (tom)|f, (t)] @
the F-expectations of the damping ratio 3.5 10 2020 3 0.15

and predominant frequency are respec-
tively & ,=0.63 and &,6=28.53 radss. Suppose the earthquake intensity ordinal
number I,=8,i.e. the support set of the fuzzy intensity is suppl,=[I,.,,I,1=[7,9].

Substituting ¢,, ®, and I, inte Eqs.(4) and (5), the fuzzy random stationary

VII-763



model of the earthquake ground motion can be obtained, where the F-sample interval

of the fuzzy parameter & with possibitlities more than zero is G=[fCI, ), fCI)]=
Cu,,u, )=(80,320).

Suppose the duration of the earthquake is T=28 s and the fuzzy safe region is
BI, which means that the structure will not suffer the destructive or more severe
damage, and b,=3.0cm, b,=4.5cnm. Dividing suppl,=(7,9] into M discrete equal
intervals and taking the F-samples of § corresponding to the dividing points (i.e.
M+] points in all or N=M+1) into consideration, then let M=2,4,6,8 and according
to Eqs.(10),(12),(18) and 20), we can obtain the F-expectations of the fuzzy
random dynamical reliabilities as listed in Table 2.

It can be seen from Table 2 that Table 2 Dynamical Reliabilities
when M=8, i.e. 9 F-sample responses to Difference M
are taken into consideration, the
dynamical reliability has possessed N 2 4 6 8
high accuracy. P (BT, TH[1.000][0.909[0.916[0.917
CONCLUSIONS

The method presented above to consider the fuzziness of the earthquake exci-
tation and structural damage extent in the analysis of structural responses and
dynamical reliability are not only more reasonable but also convenient to use. For
example, they have been successfully used in the design of a prestressed dual-layer
cable 60mX 90m roof system of Jilin new ice-rink (Ref.§).

I't should be pointed out ‘that the method presented in this paper can be
extended to MDOF and continuous structures.
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