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ABSTRACT 

The knowledge o r g a n i z a t i o n of a r u l e -based dam­
age assessment system of e x i s t i n g s t r u c t u r e s sub­
j e c t e d t o ear thquake e x c i t a t i o n i s o u t l i n e d i n 
t h i s p a p e r . A p r i n c i p l e o f i nexac t i n f e r e n c e to 
o b t a i n a r a t i o n a l s o l u t i o n i s p r e s e n t e d . The f u z ­
zy set t heo ry and the p r o d u c t i o n system w i t h c e r ­
t a i n t y f a c t o r are employed j o i n t l y i n the inexac t 
i n f e r e n c e to dea l w i t h the cont inuous na tu re o f 
the damage s t a t e and to a t t a i n the m o d u l a r i t y o f 
u n c e r t a i n knowledge, r e s p e c t i v e l y . 

I - INTRODUCTION 

The r o l e of damage assessment of e x i s t i n g 
s t r u c t u r e s has rece i ved i n c r e a s i n g a t t e n t i o n r e ­
c e n t l y [ 3 2 , 3 3 , 3 4 3 . E x i s t i n g s t r u c t u r e s r e f e r t o 
those a l r eady b u i l t and i n e x i s t e n c e . F r e q u e n t l y , 
t h e r e e x i s t s a need to e v a l u a t e the s a f e t y and r e ­
l i a b i l i t y of a p a r t i c u l a r s t r u c t u r e or a number of 
e x i s t i n g s t r u c t u r e s e i t h e r as a pa r t o f p e r i o d i c 
i n s p e c t i o n program or immedia te ly f o l l o w i n g a 
g i ven hazardous event [ 5 , 3 1 3 . As an example, con­
s i d e r the a f t e rma th of a s t r o n g - m o t i o n ear thquake 
in a m e t r o p o l i t a n a r e a . 

p r i o r t o c o n s t r u c t i o n , each s t r u c t u r e i s 
ana lyzed and des igned on the bas i s of some 
mathemat ica l f o r m u l a t i o n s , which are the r e s u l t s 
o f i d e a l i z a t i o n and g e n e r a l i z a t i o n s from a v a i l a b l e 
knowledge and past e x p e r i e n c e . Once a s t r u c t u r e 
i s b u i l t , i t has i t s own c h a r a c t e r i s t i c s , which 
can no longer be p r e c i s e l y desc r i bed by the same 
i n i t i a l mathemat ica l models used in the des ign 
phase [ 8 , 1 7 , 3 0 3 . More r e a l i s t i c behav ior o f ex­
i s t i n g s t r u c t u r e s can be ob ta ined d u r i n g e a r t h ­
quakes . For t h i s pu rpose , acce le romete rs and o t h ­
er i ns t r umen ts have been i n s t a l l e d to record the 
dynamic behav io r o f c e r t a i n b u i l d i n g s t r u c t u r e s 
[ 3 7 3 . System i d e n t i f i c a t i o n techn iques [ 4 , 6 , 2 4 3 
and damage assessment can be employed j o i n t l y to 
examine the r e a l behav io r and to assess the s a f e t y 
s t a t e of these e x i s t i n g s t r u c t u r e s so t h a t a 
c o r r e c t d e c i s i o n may be reached in terms of any 
immediate a l a r m , the need o f r e p a i r i n g , the p r e d ­
i c t i o n of f u t u r e damage and the improvement of 
t e c h n o l o g i e s f o r ase ismic s t r u c t u r e s . 

The s t a t e - o f - t h e - a r t in damage assessment of 
e x i s t i n g s t r u c t u r e s i s t ha t on ly very smal l number 
o f exper ienced eng ineers are w e l l q u a l i f i e d to 
p r a c t i c e i t . Moreover , the t r a n s f e r o f t h i s com-
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p lex d e c i s i o n - m a k i n g p r a c t i c e to younger eng ineers 
depends p r i m a r i l y on many years of c l ose work ing 
r e l a t i o n s h i p w i t h these exper ienced and q u a l i f i e d 
eng ineers [ 3 3 ] . T o - d a t e , seve ra l methods o f 
s t r u c t u r a l damage assessment have been proposed 
[ 3 2 ] , and some r e l a t e d works on the f a i l u r e r e s i s ­
tance e v a l u a t i o n o r e s t i m a t i o n o f e x i s t i n g b u i l d ­
ings have been r e p o r t e d [ 2 , 5 , 2 3 , 2 9 ] . However, a 
complete and r a t i o n a l s o l u t i o n of the damage as ­
sessment problem is not yet a v a i l a b l e . 

Fu and Yao C113 suggested t h a t the problem of 
the damage assessment can be cons idered in terms 
o f the t heo ry o f p a t t e r n r e c o g n i t i o n . I n p a t t e r n 
r e c o g n i t i o n C123, when us ing d e c i s i o n - t h e o r e t i c 
C143 or s y n t a c t i c approaches [ 1 0 ] , i t r e q u i r e s a 
d e s c r i p t i o n o f the p a t t e r n s under s tudy in terms 
of a c e r t a i n mathemat i ca l m o d e l , which r e q u i r e s a 
f a i r l y c l e a r o r s t a t i s t i c a l knowledge about the 
p a t t e r n s . Such complete knowledge i s f r e q u e n t l y 
u n a v a i l a b l e i n complex o r i l l - d e f i n e d p rob lems , o r 
problems i n v o l v i n g s u b j e c t i v e human f a c t o r , such 
as damage assessment and med ica l d i a g n o s i s 
[ 2 1 , 2 7 3 . A c c o r d i n g l y , a recent damage assessment 
s tudy [183 suggested the use of a r u l e -based p r o ­
d u c t i o n system to r e a l i z e a h i g h l y e f f e c t i v e 
knowledge u t i l i z a t i o n o f the s t r u c t u r a l expe r t s 
and an i nexac t i n f e r e n c e p r o c e d u r e . R e l a t i o n 
between p a t t e r n r e c o g n i t i o n and some AI approaches 
has been d iscussed in C203. 

Th is paper desc r i bes a ru l e -based damage as­
sessment system of the e x i s t i n g s t r u c t u r e s sub­
j e c t e d t o ear thquake e x c i t a t i o n , c a l l e d SPERIL 
S t r u c t u r a l P e r i I ) . A f t e r a b r i e f d e s c r i p t i o n o f 
the r e l e v a n t knowledge o r g a n i z a t i o n , the p r i n c i p l e 
of an inexac t i n f e r e n c e employed in SPERIL is 
d e s c r i b e d . 

11' KNOWLEDGE ORGANIZATION 

S t r u c t u r e s are commonly c l a s s i f i e d acco rd ing to 
t h e i r s t r u c t u r a l m a t e r i a l s i n t o f o l l o w i n g types 
[ 8 , 1 7 , 3 0 3 : (a) wooden, (b) masonry, (c ) r e i n f o r c e d 
c o n c r e t e , and (d) s t e e l . Dur ing c o n s t r u c t i o n , 
c e r t a i n p a r t s o f the s t r u c t u r e can be p r e ­
f a b r i c a t e d f o r economical reasons . I n p a r t i c u l a r , 
r e i n f o r c e d concre te can be f u r t h e r c l a s s i f i e d i n t o 
(C-1 p o u r e d - i n - p l a c e (o r i n - s i t u ) r e i n f o r c e d -
conc re te and (C-2) p recas t (or p r e s t r e s s e d ) 
r e i n f o r c e d - c o n c r e t e . As a s t r u c t u r e w i t h a mixed 
p r o p e r t y o f r e i n f o r c e d concre te and s t e e l f r ame , 
(e) s t e e l - f r a m e d r e i n f o r c e d - c o n c r e t e s t r u c t u r e s 
are b u i l t in Japan [ 1 7 ] . Among these t y p e s , be ­
cause wooden and masonry c o n s t r u c t i o n are f r e ­
q u e n t l y l i m i t e d t o l o w - r i s e b u i l d i n g s , w e w i l l 
c o n c e n t r a t e our a t t e n t i o n on r e i n f o r c e d conc re te 
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and s t e e l s t r u c t u r e s h e r e i n . 
G e n e r a l l y s p e a k i n g , f o r h i g h - r i s e s t r u c t u r e , 

s t e e l frame i s u s u a l l y p r e f e r a b l e because o f i t s 
h igh s t r e n g t h , h igh d u c t i l i t y and un i f o rm q u a l i t y . 
The c o n s t r u c t i o n cost o f s t e e l s t r u c t u r e , however, 
i s f r e q u e n t l y h igher than t h a t o f r e i n f o r c e d con­
c r e t e . 

As the f i r s t s tep to the system d e s i g n , d e f i n e 
the grade of the damage s t a t e o f e x i s t i n g s t r u c ­
t u r e s in terms of a numer i ca l q u a n t i t y between 0 
and 1 0 , where 0 and 10 cor respond to "no damage" 
and " t o t a l c o l l a p s e " , r e s p e c t i v e l y . I n a d d i t i o n , 

d e f i n e the damage s t a t e i n terms o f v e r b a l i n ­
t e r p r e t a t i o n a s shown i n F i g . 1 - Th i s c l a s s i f i c a ­
t i o n i s not s t r i c t . However, each c l ass i s as ­
sumed to be assoc ia ted w i t h a s u i t a b l e recommenda­
t i o n and the cost f o r proper r e p a i r a c t i o n . 

Now the problem is one to c o n s t r u c t a r a t i o n a l 
dec i s i on -mak ing system f o r c o n f i r m i n g the hy­
p o t h e s i s t h a t the s t r u c t u r e i n q u e s t i o n i s seve re ­
ly damaged, to be t r u e or f a l s e , or to be more 
reasonable than o the r hypotheses from p o s s i b l e ob­
s e r v a t i o n s . The o b s e r v a t i o n s may come from ( i ) 
v i s u a l i n s p e c t i o n a t v a r i o u s p o r t i o n s o f the 
s t r u c t u r e , ( i i ) read ing o f acce le rometer records 
d u r i n g the e a r t h q u a k e , ( i i i ) n o n d e s t r u c t i v e t e s t ­
i n g , and ( i v ) l o a d i n g t e s t s be fo re and a f t e r the 
e a r t h q u a k e . A l though we w i l l p r i m a r i l y cons ider 
the obse rva t i ons ( i ) and ( i i ) i n t h i s pape r , ac­
c e p t a b i l i t y o f o the r o b s e r v a t i o n s shou ld be con­
s i de red i n the d e s i g n . 

A v a i l a b l e f e a t u r e s f o r damage c l a s s i f i c a t i o n 
from the v i s u a l i n s p e c t i o n may i n c l u d e the d e t e c ­
t i o n o f de fo rma t i ons and cracks in co lumns, beams, 
j o i n t s , f l o o r s , c e i l i n g s , e x t e r n a l & i n t e r n a l 
w a l l s , d o o r s , windows, s t a i r s , n o n s t r u c t u r a l p a r -
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t i t i o n s , u t i l i t i e s , e l e v a t o r s , e t c . Features t o 
be d e r i v e d from the acce le rometer records by us ing 
system i d e n t i f i c a t i o n techn iques may i n c l u d e the 
change o f n a t u r a l f requency o f the b u i l d i n g v i b r a ­
t i o n , the change of damping f a c t o r , the maximum 
i n t e r s t o r y d r i f t and the t o t a l energy a b s o r p t i o n 
and d i s s i p a t i o n d u r i n g the e a r t h q u a k e . (Time h i s ­
t o r i e s of above changes are sometimes a lso good 
i n f o r m a t i o n f o r e x p e r t s . ) in a d d i t i o n , when we t r y 
to i n f e r the damage s t a t e from above-mentioned 
f e a t u r e s , we shou ld cons ide r many o the r c o n d i t i o n s 
r ega rd i ng the s t r u c t u r e s , such as s t r u c t u r a l ma­
t e r i a l , he igh t o r number o f s t o r i e s , areas o f 
f l o o r s , shapes, s o i l c o n d i t i o n and f o u n d a t i o n , the 
year t h a t the b u i l d i n g was b u i l t , b u i l d i n g use, 
des ign parameters i f a v a i l a b l e , e x i s t e n c e o i 
w a l l s , exper ience o f human i n s p e c t o r , e t c . which 
are s t o r e d as re fe rence data apar t from i n s p e c t i o r 
da ta and u t i l i z e d f o r the i n f e r e n c e . 

The approach of p r o d u c t i o n system [6 ,26 ,281 a l ­
lows us to decompose a complex problem i n t o a num­
ber of s imp le r sub -p rob lems , the r e l a t i o n s among 
which are h i e r a r c h i c a l (pa ren t and son) or p a r a l ­
l e l ( b r o t h e r s ) . I n a d d i t i o n , i n o rder t o accommo­
date knowledge e f f i c i e n t l y from human e x p e r t s , 
these sub-problems are f i t i n t o knowledge u n i t s o f 
the e x p e r t s . With t h i s i n m i n d , the framework for 
knowledge r e p r e s e n t a t i o n is de termined and is 
shown in F i g . 2 , where seve ra l i n t e r m e d i a t e d i ag ­
n o s t i c s t a t e s are i n t r o d u c e d . Each numbered node 
cor responds to a set o f r u l e s in the p r o d u c t i o r 
system f o r i n f e r e n c e . Each double c i r c l e d node 
denotes the data a n a l y s i s process f o r o b t a i n i n g 
the f e a t u r e from the acce le rometer r e c o r d s . 

I l l . PRODUCTION SYSTEM WITH CERTAINTY FACTOR 

Before go ing i n t o the d e s c r i p t i o n o f SPERIL's 
i nexac t i n f e r e n c e mechanism, l e t us see why a 
d i r e c t a p p l i c a t i o n o f e x i s t i n g methods i s incon­
ven ien t . 

The c e r t a i n t y f a c t o r was f i r s t i n t r o d u c e d i n t ( 



where V denotes max. o p e r a t i o n . 
Severa l fuzzy se ts of <GL0>, f o r example , can 

be i n f e r r e d in t h i s way from Rule 2 0 1 , 2 0 3 , 2 0 5 , 
2 0 7 . Accord ing to the e lementary o p e r a t i o n s o f 
the fuzzy set t h e o r y , the f i n a l <GL0> i s e v e n t u a l ­
ly o b t a i n e d by t a k i n g the maximum membership f u n c ­
t i o n o f these {GL0>s a t each d . 

The advantages of us ing fuzzy set t h e o r y in 
t h i s a p p l i c a t i o n are t h a t , 1 ) the range covered by 
a r u l e i s b r o a d , 2 ) redundant r u l e s are a l l owed 
because on l y one e f f e c t i v e element i s s e l e c t e d 
t h rough the max. and /o r m i n . o p e r a t i o n s , and 3) 
the i n f e r e n c e i s r e a l i z e d f o r the con t inuous v a r i ­
ab les by a smart mapping c a l c u l a t i o n s of fuzzy r e ­
l a t i o n s . Hence, the problem d e s c r i b e d i n the p re -
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is wor th n o t i n g t h a t Eq. (2) reduces to one ex­
p r e s s i o n in the p a r t i c u l a r case o f a = 1 . 

Suppose t h a t the same grade exp ress ions as the 
f i n a l damage s t a t e o f F i g . 1 are used f o r the i n ­
t e rmed ia te d i a g n o s t i c s t a t e s . For the purpose o f 
i l l u s t r a t i o n , cons ide r node No. 2 i n F i g . 2 . Ac­
co rd i ng to the approach o f p r o d u c t i o n system w i t h 
c e r t a i n t y f a c t o r , a set o f r u l e s f o r c o n f i r m i n g 
t h a t s t r u c t u r a l damage of g l o b a l na tu re (GLO) is 
severe may be l i s t e d l i k e RULE 301-207 of Table 1. 

The combin ing f u n c t i o n o f the c e r t a i n t y f a c t o r 
can work w e l l on l y in the case t h a t the r u l e s to 
be combined are m u t u a l l y independent in c o n f i r m i n g 
a s u b - g o a l . Thus , a problem a r i s e s . A l though the 
combin ing f u n c t i o n may work w e l l , f o r example, 
among RULE 2 0 1 , 2 0 5 , and 2 0 7 , i t does not work 
w e l l and sometimes leads i n t o i n c o r r e c t r e s u l t s 
such as an o v e r e s t i m a t i o n in the c o n f i r m a t i o n , 
among RULE 2 0 1 , 2 0 3 , and 2 0 4 . The reasons a r e : 1) 
the d e c i s i o n i s p reserved u n t i l the f i n a l goa l i n 
the p r o d u c t i o n system and t h e r e f o r e t h e r e e x i s t s 
seve ra l p o s s i b i l i t i e s o f d i f f e r e n t hypotheses a t 
one t ime in an i n t e r m e d i a t e s t a t e , and 2 ) the i n ­
f e r r e d sub-goa l i s con t i nuous i n na tu re i n the 
damage assessment of e x i s t i n g s t r u c t u r e s . Some 
minor changes to so lve the above problem are pos ­
s i b l e , but they tend to lose the c o n s i s t e n c y and 
knowledge m o d u l a r i t y o f the p r o d u c t i o n sys tem. 

11' FUZZY SET THEORY 

in the fuzzy set t heo ry [ 9 , 1 5 , 3 5 , 3 6 3 , a mem­
b e r s h i p f u n c t i o n and i t s o p e r a t i o n s p l a y a major 
r o l e in the exp ress i on o f ambiguous f a c t s and 
i n f e r e n c e s . Maximum and/or minimum are fundamen­
t a l o p e r a t i o n s f o r the m a n i p u l a t i o n o f the mem­
b e r s h i p f u n c t i o n . The t h e o r y o f fuzzy set cou ld 
p r o v i d e a conven ien t t o o l to the i n f e r e n c e of dam­
age assessment which is con t i nuous in n a t u r e . 
Moreover , recen t a p p l i c a t i o n s o f fuzzy set t h e o r y 
t o c i v i l o r s t r u c t u r a l e n g i n e e r i n g problems 
[ 1 , 3 , 7 , 1 3 , 3 3 3 have shown t h a t fuzzy membership 
f u n c t i o n s p r o v i d e a good measure f o r the i n t e r p r e ­
t a t i o n o f l o w - l e v e l f e a t u r e s i n damage assessment . 

Consider the i n f e r e n c e example i n S e c t i o n I I I 
in terms of fuzzy set t h e o r y under the framework 
o f p r o d u c t i o n sys tem. F i r s t o f a l l , we d e f i n e the 



v i o u s s e c t i o n would not o c c u r . 
However, because a s t r ong r u l e ac ts to mask the 

o t h e r r u l e s , the p r o p e r t y o f accumu la t ing seve ra l 
c o n f i r m a t i o n s from d i f f e r e n t ev idences cannot be 
e x p e c t e d . To a t t a i n the accumu la t i on e f f e c t , we 
have to combine the r u l e s to c rea te a new r u l e . 
Th is i m p l i e s the loss o f knowledge m o d u l a r i t y . 

V- CONFIRMATION BY FUZZY INFORMATION 

We have seen t h a t w h i l e the p r o d u c t i o n system 
w i t h c e r t a i n t y f a c t o r and the fuzzy set t heo ry in 
p r o d u c t i o n system have i n t e r e s t i n g p r o p e r t i e s i n 
some r e s p e c t s , t h e i r d i r e c t a p p l i c a t i o n s are not 
n e c e s s a r i l y a p p r o p r i a t e in damage assessment be ­
cause o f t h e i r c r i t i c a l d rawbacks . 

The idea of i n f e r e n c e mechanism employed in 
SPERIL is s imp le but very i m p o r t a n t . That i s , the 
premise and/or c o n c l u s i o n o f the r u l e are regarded 
as fuzzy se ts a long the degree of damage s t a t e d. 
i n d i v i d u a l i n f e r e n c e w i t h a r u l e i s conducted i n 
terms o f fuzzy i n f o r m a t i o n , which w i l l be 
d e s c r i b e d s u b s e q u e n t l y . A f t e r t h i s i n d i v i d u a l 
i n f e r e n c e , seve ra l r e s u l t a n t c e r t a i n t y f a c t o r s o f 
the damage s t a t e from d i f f e r e n t r u l e s are combined 
by us ing the c o n s i s t e n t combin ing f u n c t i o n o f Eq. 
( 2 ) . 

Suppose t h a t we have the abovementioned Rule 3. 
The p r o b a b i l i t y of fuzzy s t a t e t h a t Sb . is G is de-

h 
f i n e d b y , 

VI_. CONCLUSIONS 

The knowledge o r g a n i z a t i o n of a ru l e -based dam­
age assessment system of e x i s t i n g s t r u c t u r e s sub­
j e c t e d t o ear thquake e x c i t a t i o n i s o u t l i n e d . A 
p r i n c i p l e o f i nexac t i n f e r e n c e to reach a r a t i o n a l 
s o l u t i o n has been d e s c r i b e d . Fuzzy set t heo ry and 
p r o d u c t i o n system w i t h c e r t a i n t y f a c t o r are em­
p loyed j o i n t l y i n the i nexac t i n f e r e n c e t o dea l 
w i t h the con t inuous na tu re of the damage s t a t e and 
t o a t t a i n the m o d u l a r i t y o f u n c e r t a i n knowledge, 
r e s p e c t i v e l y . 

No s p e c i a l s t r a t e g y to speed up the i nexac t 
i n f e r e n c e process i s adopted a t p r e s e n t . I t i s 
impo r tan t f o r the system to b u i l d up g r a d u a l l y by 
a c c e p t i n g new knowledge. P a r t i c u l a r l y , recent 
f u l l - s c a l e dynamic t e s t s o f b u i l d i n g s are expected 
t o p r o v i d e u s e f u l i n f o r m a t i o n t o t h i s p r o b l e m . 
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