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earthquake
g, Since 4 loads and structural resistances possess both f
0 uzziness and

gTRAC i :
gndﬂ ess, th: ::l":b:;i;gdag?l¥5” for aseismic structure is th

{el. [n tl.uS pfpil:u'e St ) uzzy-random reliability analysiser; : f“?b’—l:andgm prob-
witl l““fple da iqgn for th ls‘put forward, and an initial researchm 57 e i SFTHCtures
pased optimum kﬁngt % e? is done. To do this, some concepts dmdl the reliability
fuzzy urthflﬂa e 1IN enSlfy.- uzzy response of structure, satisfacta“n s S g
cafe criterion, fuzzy safe and unsafe regions are proposed ion degree to the fuzzy

and it is impermissible to build important
s}ructures in zones with pridictive inten-
sity higher than I,,. In this way, the ran-
domness of earthquake intensity is consi-

dered.

. FUzZY-RANDON FACTORS IN RELIABILITY ANA-
¢ ASEISMIC STRUCTURES

The pmhahility for a structure to work
nder design condition within the

gormally U ; ; :

stipulated working period T 1s called the As a comprehensive measure of the severi-

celiability of the structure. By following ty of earthquake, the intensity must

analysis, it can be known that the earth- changes gradually and have a continuous

quake loads and structural resistances pos- universe of discourse. But in order to make
fuzziness and randomness. S0, full use of the research results in earth-

sess obvious
hat is called " to work normally " in the

sbove definition is in fact a fuzzy-random
event,

When a structure is given, its response
caused by earthquake loads depends on the
carthquake intensity and the site soil
classification of the building site. The
afsessnent of the maximum earthquake inten-
sity at the building site during the ser-
vice life T of a structure is the task of
:;“hqllke risk analysis which 1s beyond
leeth::a?'e of this_paper_ We only use its
g ;lb}h? fellahility analysis to get
Hrtin : ilities Pcl,) of the maximum
ﬂ-tlrr?“ e intensity I, (i=6,7,8,9,10)
u“ic:llft the building site during the
o ife T. In the engineering point of

e %9 need only to consider the case of

10

T 4 S I
1=6 ) | (1)

becay '
se for structures in zones with pre-

dictive :
---i-?*-".i_-M_ﬁ.ﬂ.Sity lower than Is: the effBCt

“:r"_t%“lhnud not to be consldered;

quake risk analysis, the intensity scale

with 12 deqree may be still ased, but each
intensity degree I, 1s reqarded as a fuzzy
subset I, on the continuous intensity uni-
verse of discourse (0, 12). We suggest (see

Wang and Wang (1985)) that the membership
function of the fuzzy intensity degree 1,

have the form

p11(l) = [sin(l—1,+u_5)1t+1]

trated in Fig.lf
eleration response spec-

ted by current Chinese
ode is shown in Flg.2.Cin
where the parame~
on the intensity

grade respectively 83

shown in table 1. The horizontal

T is the natural period of the

mode of the structure.
intensi

matically 1L11uS
The seismic acC

trum ACT) stipula
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Seismic acceleration respons

Figure 2. |
s;gctrun ACT) in Chinese code
Table 1. |
Intensity degree I, 1 8 9
AF 1) 0.23 0.45 0.90 &
Site soil grade I 1 I
Tu (sec. ) 0.2 0.3 G

course is altered into continuous one, the

relation between intensity I and coeffi-
cient A, in table | becomes

RCE) 4

S (3)

T

1.44271nA +9_ 159 (4)

According to thjs relation,

Fnctiun of fuzzy Parameter
‘hg to intensity ¥

the nenbership
A, correspon-
erived as

B s CA)

[sin(1.4427lnA_+9.652—-I. )T +]]

A € [0.9% pli-se 0.9% 2 Li-e)

’
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the Procedure

Lilp

e;;tl]l‘.

B=be (6
t . b, and b, represent the memby, .
sl B} lhe site to‘the Site Hniiqr&ﬁﬁ
degreﬂ3and M respectively. Now thﬁrﬂmw_
I y _II ely judg[?,d Vﬂ.lup:- Of thf‘ fHZéqj phra!f
hets;?T can be obtained by the "eighy,,
metlel 2o 3 te,
wean method
3
Z b hTﬂh (13
D L .
Te — 7
R
k=1

in which To. is the value of T, whey yy,
site soil grade is k, l'e"’.Tﬂt:U-E,T;i;
0 3 and T,,=0.7 sec. according to tap, :
"Having the "fuzzy response spectrun” 4,
fuzzy parametlers A, and ], (l“.ﬁarEWEWi
approximately by the comprehenStweu:jmqﬁ
value T,), the fuzzy earthquake loads ¢y,
be obtained according to the Code
Structural resistances are rela@ﬁ o
the safe criterion for structure. Since i
is reasonable that there should be a trg-
sition stage from absolute allowable i,
absolute unallowable states for any res-
ponse "S" of the Structure; the correspon-
ding allowable interval "R" for thgrgs;
ponse "S” should be fuzzy. ?he tfpuﬁ?aﬁn
of its membership function is shown i
Fig. 3. To simplify the problem, the m:
ference in quantity resulted frmutheraiﬁ
domness of the structural resisfann?ryzﬂ
combined with the influence of xts?ﬁzm-
ness. 50, we can approximately cmunder-
that the allowable interval R for the res

ponse S has only fuzziness.
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Figure 3 Membership function of [uz2]
allowab e interval R
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%;;ﬁ;i‘ x of the structure is known.
gn . the maxmum value of some beha-
1 o5 (€.9., stresses, displace-
of the structure are used as
f the criterion to judge if the
ks normally. The maximum va-
'hosﬁ responses r, are represented

J>. For structure with mul-
grar e TR -
failur® ":ge :;urrent code, the maxi-
of the structure subjected
ceismic load (definite res-
y i proportional to A,

ts ©

(8)

is the maximum value of response
which is a constant and may

4
when :‘i:lli’ by using the items of the

ding to the principle of extension
I

gatics, and Eq.(8), when A,
in f“:::z;';f::ber, the membership function
is &

fuzzy gaximum response S,, under fuzzy
r:tansitv degree ke should

:
!
{

J g
be

e el i P B i A, SRR

S e T S i e .

'; Figure 4. Membership function of fuzzy
. "Ximum response S,

The fuzzy event that structure works nor-
811y under earthquake with fuzzy intensity

v 1S actually a fact to satisfy a group
o e[ tm, constraints
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SL° 7S 'SNNS TS Therefore, the fuzzy
consiraint Q,, stands for a fuzzy
éevent that the fuzzy maximum response
Resv falls into the fuzzy allowable in-

terval R, in the sense of having different

satisfaction degree B ,, (0< P,iS1).
The satisfaction degree B ,, to the fuzzy

constraint Q is also the membership
degree HQ, of the fuzzy maximum response
S,: to the fuzzy event Q,, when the

Structure is exposed to the earthquake with
fFZZy intensity 1,. Obviously, g ,, relates
directly to the intensity }, to be tonsi-

dered. The value of satisfaction degree

B,. depends on the relative position of

the membership function curves pg and pp
of fuzzy maximum response S,, and its fuz-
zy allowable interval R, respectively (see
Fig. 5). When pg is covered entirly by
the interval of pgp =1 (figure a) the con-

4 A

straint Q,, is satisfied completely, pug.=
1; when pg is located out of pg entirly
(Fig.c), the consiraint § ., 18 -not SEtis-

fied absolutely, pg, =0; while pg and
wp overlap each otner (Fig.b), the cons-
traint Q,, is satisfied to a certain ex-
bend; - i © 10,43, Therefore, we suggest
to define

(11)




tter whether gy} §
" Sej no ma P..-r 1

In . _E.) are safe or unsafe, it
cition st?QeS ponses ('I:nce to the safety of the S”makg,5

B R e tult JEOY differ E, represents b

urvas Of t 4 stralgh i1 no Thﬁfefore’ o P thﬁ nth :
When the ;’ adopt incl ?fl e found ; ture. ¢ the structure and Q.. is tp, M&[E
# (s;ng integrat % v of B €117 el .fe subregion under earthqygy, w‘h
vt fotlﬂ::n of the nuse REsy ?ntensit)’ B 'th
calculatl 5)ﬂ+]]dl - fu;:z))' llf oY component (ordial Numbg, .
g.’xfsi“(l'l'w SHeTS e r;spﬂﬂSES) is removed from the Stbgg,

minator
constant. The denor
Fiiy 8

where "a :
in Et](]l) 15 (13)
_ o g43m2l? K,

40

u (SJ)dSJ :
-’ : will be simplified by
The calculation

using these formulas.

TRUC-
9 FUZZY SAFE AND UNSAFE REGIONS OF S

TURE

multiple failure
When the structure has s o

that
modes, the fuzzy event _
nurmaily is in fact to requlire that some OT

all of the constraints

Q.u §{§JIEBJ }(j:1,2,...,1) (14)
are satisfied to different extents, 1.e.,

to require that some or all of the fuzzy
maximum responses S,, fall into their fuzzy
allowable intervals R, respectively with
different satisfaction degrees. In this
EMIEE, 1h» consiraints Q.. (3=1,8,..... )
form a safe subregion with fuzzy boundaries
in the behavior space of the Sstructural
responses.

In order to obtain the entire safe region

of the structure, it js convenient to adopt
the concept of "minimum safe setg” e (=

1, 2,...,N) which represents N
. safe mode
of the Structure. Each 5 35 & subset 0?

be fuzzy Safe. That aa; Structure Will
s
gl = ﬂ
} Q-ll
13 8 (15)

valid;

g ' roperty (1) will ceas
' (n /1ma)C then the P : Se tg
[Hsin(l'-l.fﬁﬁ)}f"’"/—z—// E.. so the subset is refered tq Folip l}e

" mj-

gince any safe‘s?ate must at |egs
(ude a certain minimum safe set, apqg m@
safe subregion implies that fhe Struﬁhue
+s in safe state, SO the.entlre fuzzy 8,
:on of the structure is the union of \

;Egzy safe subregions, 1. e,
N N
Ql :U gln = U(ﬂ ‘..Q....Ji ) (16)
i n=1 ] ‘IGETI

This is just the entire fuzzy safe regiop
of the structure under earthquake With
fuzzy intensity 1,.

According to the basic operation Tules of
fuzzy sets, the membership degree tg the
fuzzy safe region $, for a structure ¢y
be obtained from Eq.(16),

hg = Max  [Min pg | (17)
=l 9 €&

which is the membership degree of the work
state (or responses) to normal work state
& for the structure under earthquake with
fuzzy intensity |, . HQ, can be rewritten
as B (I,) in this sense.

In a similar way, the fuzzy unsafe region
can be obtained. Let

bl 2. 1) e B RN §

Stand for kth "minimum unsafe sat?; Ehols
2150 a subset composed of some ordinal nul
tlers of responses. If all of the responses
In this sybset are in failure states simul’
taneously, the structure witl fait. Fs
Stands ‘for kth faiture mode which corres-
po?ds 0 a fuzzy wunsafe subregion. The
union of a1 these fuzzy unsafe subregions
tonstitutes the entire fuzzy unsafe regiof

of the structyr " 1ok
€. Thus, following equa
Can be derived, : ,
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3 Mg PUEh cas o the

r tower shown in Fig.6 as an

wate . ¢ e
Take 8 (f in the reliability analysis we

equlﬁi{B account of its following three

58514 .
resPOR°"" S e shear force in cross-section

- {-1 (I';:Qn)
(). the hending moment in cross-sec-
tjon 2-2 (ry=My)>

the overturning moment about the
bottom of the Bise 7~3 t1.=M.).
is a simple series system. Its or-
{inal number set of response it {1,8/3).
this system has 3 minimum fuzzy unsafe sets
(K=3)4 F,:{l}; F::{z}; F,={3}; and only one
ginimum safe set By, E.=t1.2,31.

[n general, for any series system, there
{s only one minimum Eate Set - 8=04:8,....71).
In this case, the formulas (17) and (18)
are simplified into a same form,

(3).

]

.,
. s

$19)

ax'::lﬁeth?ftr:ss shown in Fig. 7 as another

e ltéountt e constr?.ints to be taken

) - are, the internal forces r, (}

Iont;i'&f' of the seven bars and the hori-

O i @;smacelents L=, % of joints

they atts C;n not exceed their correspon-

¥ ([:14)“ le values, then there would be

1), ¥ :{Jinilun unsafe sets F,={(6}, F,=

,:{l,;} F’_F‘:{g}! Fl:{lrzr }.r Fi:{1?3}1‘
{a s’} 'F-{l’s}: F.={2,3}, Fln:{Zr 4};

-’ ’ *.:{3'4}’ FII:{3!5}I F.I.i:

Thisg

Safe sa::‘?" ?“5 5 (N=5) fuzzy minimum
(6, ,; ;‘}'hll:h each set will include

."Nln;[ and any other four out of the

$ fﬂl': g“nu-hars of il ¥

fo soys uﬁlﬁk Structures, their minimum
&:‘hlinilul unsafe sets may be

Y using system analysis

fault-tree

Figure 7.Seven- bar truss

4 FUZZY-RANDOM RELIABILITY
SR Sc e, OF ASEISMIC

Assume that the probabilities PCI,) (i=¢
10> of the earthquake with maximum inten;};
ty l,occuring at the building site during
the service life T of a structure are known
fro? earthquake risk analysis, then after
having obtained the membership degrees
HQ(l,) of work state to the normal work Q
f?r‘the structure under earthquake inten-
Fitived, (i, . .25 1) respeetivaly; the
probability that the structure can work
normally in its service Life T can be found
by the method of fuzzy probability theory.
Thus, the fuzzy random reliability of the

structure will be

10
PCR) = X uQ(I,)P(I.)
1=6

o = (20)

where pg(l,) is the pg in Eq.C17) as

mentioned above.

It may be seen from the above equation
that the fuzzy-random reliability is the
probability of the fuzzy-random event Q,
and from another angle it can also be
garded as the mathematical expectation of
the membership degree pg of structural

work state to Q.

EXAMPLE. Find the fuzzy aseismic relia-
bility of the tower shown in Fig. 6. Take
only three aforementioned responses into

account,.
In order to illustrate the presented

method of fuzzy reliability analysis
and avoid being tedious in calculation,
a quarter of the tower shaft mass is con-
centrated on the top, and the tower is thus
simplified into a system with single degree
of freedom. Suppose that its natural period
T=0.7 sec., the concentrated weight W=180
t, the heights H,=20 m and H,=22 m,

The calculation is carried out as fol-

lowing,

385
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hquake risk

o1y Ca®
 Assume the prob® lesln ‘
thquak®

tensity L
| | , ear
BE She mk e a1 1410y e O U

7314 1} art
(1). Making © babl i}

ing at the bui :
ff: gorv!ca tife I :::l: f
in the second rov 0 e aation 2
(3). The cnlprshansive
; il grade G}
th;u;;;:a’?ha gbtalned fuzzy Site
is
grade vector
B [b b., b. ] = [n. 1, 0 B, U-B]
rehensively
According to Eq.C7), the comp +

= 0.583 sec,

¢3). Calculating the maximum responses

K, of the tower. g
Since T, is less than the natural vibr

ation period of the tower, th? seismic res-
ponse coefficient can be obtained from

Fig.2 and table 1.
AMT) = AT.7T = 0.833A,,

The structure coefficient is taken as C
=0.5 according to the Code, In this way,
the maximum values of shear force Q,,
bending moment M, and overturning moment
M, can be obtained,

CACTOW = 0.5X0.833% 180A, =74. 96A,
CACT)WH, = 1499, 24,
CACTOWH, = 1649. IA,,

S,
S,
N)

i n

Then, the maximum responses when A =] are,

N I L 1500 tm, K
‘) g ) 3 # 1650
(4). Giving the membership functions

€ requirements for
work of the structuro, the lolbersh?gr::;cﬂ

u
vais L c‘or;uponding t:z{h‘“o“b“ -

ponses 5, (j=1,2,: :
(5), Cllculltin:) rtaats T By

Calculuting the snliﬁfa;g“m

SRy
degfﬁﬁs MQ : Fhs
(n general, these membership dogre,,

t0 the furs.
imum response BZ2Y sae.
the max Ly | | | F
gion fof each intensity degree | . "

(6.

| -

ted by usin [+ i
n be calcula o e T
b caFor gseries systenm, the p&“IEJr” |

: ulas,
(;lﬂl)'be siiply dol’lﬁ ﬂﬂﬁﬂrdlng ‘{] Eq.:lt;tl
;hﬂ calculﬂlﬁd results are Ehﬁwn i n /

row of table 2.

thﬂ ‘H
1

MR,
]
S, (1)
0 AT
MR,
]
Pt §)
’ 700 1000
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I
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142 1000

Figure 8. Membership functions of the fu22y

allowable intervals of the responses

Table 2.

II b 1 _.E.r 4 1
PCL)  0.46 0.40 0.10  0.03 0.0
HQ 1.000 0.999 0.741 0.044 0.001

i

W . 1.000 1.000 0.725 0.026 0.00
Bg ~ 1.000 1.000 ©0.620 0.022 0.000

MO(I) 1.000 0.999 0.620 0.022 0.000

(7). calculating the fuzzy reliability?’

the structure,
According to Eq.C20), it is

R L SRR AT L S N e man—

|

¥ = 0.46X1.00 + 0.40x0.999 + 0.10x0.%

* 0.03x0.022 + 0.01x0.000 = 0.922

5 BASIC CONCEPT OF RELIABILITY BASED pULLY

OPTIMUM DESIGN OF STRUCTURES

Ih' more rational optimum design of s!7
':“' should be based on the analysis
Structural reliability, for the function

of




s & whole may be considered oniy
B et Y hite each str?ngthwcnnstraint
ptimum design 1s considered

element, Especially, in
Nyt oy substructure of paralliel
3 qure g of some elements will not

in failure of the whole

the satisfaction degrees ug,
tural responses under earthquake

the S of structure are functions
ﬂ: the “f?;n vector X of the structure and
;f the “sit.‘f [ of the earthquake. So,
e ]n::::““y of the structure is also
f e X
| th;u;ctl‘”‘ pr
g a
| :S kL. 2l ) (
¥ o 1!x i 21)
5 - z HQ
; & i=bh
2y = Max [ Min pg ;(I”i)] (22)
pg 1o’ ast JER
;
41 gathematical lot}el_ﬂf a fuzzy opti-
1“ Lesign based on relisbility analysis
s
Flnd X, to

e By + E[W(XD)] (23)

gininize W(X) =

supjected 1O ey = ¢

itial fabrication cost of

C(X) is in
T is the loss expec-

the structure, E[¥(X)] ‘
tation when the structure is damaged during

its service life, X" is 2 fuzzy lower
bound to the structural reliability.

§ CONCLUSION

The fuzzy and random factors in the earth-
quake intensity, the site soil classifica-
“tion and the allowable intervals of struc-
tural responses have been taken into ac—
count in the reliability analysis of asels~
sic structures in this paper. The concept

- of the structural reliability may be more
d con-

with

but in fact,
_ in the

. Structures or in the external loads would
o the safely of

ead to relia-

| “’t “ re liability
“’ ..ﬂ;}.-ﬁfészs of things,
~ fmcertain factor which exists

any

8l to some uncertainty !
Jrue ‘consequently |
blem. Thus, a cocept of gener’”
¢®C reliability and its calculation me-
'?Eﬁﬁﬁiiii;in_ﬂur'nngthﬂr paper.
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