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Abstract
The knowledge organization of a rule-based damage assessment system of
existing structures subjected to earthquake excitation is outlined first.
Then the application of the principle of inexact inference to obtain a ra-
tional sotution is presented. The fuzzy set theory and the production sys-
tem with certainty factor are employed jointly in the inexact inference to
deal with the continuous nathe of the damage sfate and to attain the modu-

Larity of uncertain knowledge, respectively.

1. Introduction

The role of damage assessment of existing structures is discussed re-
cently [371,32,33]. Existing structures in this paper refer to those already
built and in existence. Frequently, there exists a need to evaluate the
safety and reliability of a particular structure or a number of existing
structures either as a part of periodic inspection program. or Jimmediately
foLLowing‘ a given hazardous evenf [5,301. As an example, consider the aft-
ermath of a strong-motion earthquake in a metropolitan area.

Prior to construction, each structure is analyzed and designed with the
use of mathematical formulations, which are results of idealization and gen—-
eralizations from available knowledge and past experience. Once the struc-
ture is built, each structure has its own characteristics, which can no
Longer be precisely described with the same initial mathematical models used
in the design phase [8,16,29]1. More realistic behavior of existing struc-
tures can be obtained during earthquakes. For this purposé, accelerometers
and other instruments have been installed to record the dynamic behavior of
certain building structures [36]. System identification techniques
[4,15,23] and damage assessment can be employed jointly to examine the real

behavier and to assess the safety state of these existing structures so that



a correct decision may be reached for the immediate alarm, the repair ac-
tion, the prediction of future damage and the improvement of technologies
for aseismic structures.

The state-of-the-art in damage assessment of existing structures 1is
such that relatively few experienced engineers are well qualified to prac-
tice it. Moreover, the transfer of this complex decision-making practice to
younger engineers depends primarily on many years of close working relation-
ship with these very few experienced and qualified engineers [32]. To-date,
several methods to assess the structural damage have been proposed [£311, and
some related works on the failure resistance evaluation or estimation of ex-—
isting buildings have been reported {2,5,22,28]. However, a complete and
rational solution of the damage assessment problem is not yet available.

Fu and Yao [10] suggested that the problem of the damage assessment can
be considered din terms of the theory of pattern recognition. In pattern
recognition L1111, when using decision-theoretic [13] or syntactic approaches
[91, it requires to describe the patterns under study in terms of a certain
mathematical model, which requires a fairly clear or statistical knowledge
about the patterns.. Such complete knowledge is frequently unavaitable in
complex or pre-matured problems, or problems involving subjective human fac-
tor, such as in this damage assessment and medical diagnosis [20,26]. Ac-
cordingly, a recent damage assessment study [17] indicates the use of rule-
based production system with certainty factor in order to realize a highly
effective utilization of the knowledge of structural experts and an 1inexact
inference procedure. A relation between pattern recognition and some Al ap-
proaches is discussed in [19].

This paper describes a rule-based damage assessment system of the ex-

isting structures subjected to earthquake excitation, the name of the system



is SPERIL (Structural Peril). After a brief description of the relevant
knowledge organization, the principle of an inexact inference employed in
SPERIL 1is described. Fuzzy set theory [14,34,35] and production system with
certainty factor [18,24,25] are utilized jointly in this inexact inference
to deal with the continuous nature of the damage state and to attain the

modularity of uncertain knowledge respectively.

2. Knowledge Organization

Structures are commonly classified according to their structural ma-
terials 1into following types [8,16,29]: (a) wooden, (b) masonry, {(c) rein-
forced concrete, and (d) steel. During construction, certain parts of the
structure can be pre-fabricated for economical reason. In particular, rein-
forced concrete can be further classified into (C-1) poured-in-place (or
in-situ) reinforced-concrete and (C-2) precast (or prestressed) reinforced-
concrete. As a structure with a mixed property of reinforced concrete and
steel frame, <{e) steet-framed reinforced-concrete structures are built in
Japan E16]. Among thesertypes, because wooden and masonry construction are
freguently Llimited to low-rise buildings, we will concentrate our attention
on reinforced concrete and steel structures herein.

Generally speaking, for the high-risg structure, the steel frame is
usually preferable because of its high strength, high ductility and uniform
guality. The construction cost of steel structure, however, is frequently
higher than that of reinforced concrete. Maximum height of existing
reinforced-concrete structures is limited, for instance, to about 60 stories
in United States and 18 stories (7 stories bhefore 1974) in Japan.

As the first step to the system design, define the grade of the damage
state of existing structures as a numerical quantity between 0 and 10, where

0 and 10 correspond to no damage and total collapse, respectively. In addi-



tion, define its verbal dinterpretation as sHown in Fig. 1. This classifica-
tion is not étrict. Howevér, each class is assumed to be associated with a
syitable recommendation and the cost for proper repair action. If a struc-
ture is classified into destructive damage which is often obvious from visu-
al inspection, its recommendation will be demolition and rebuilding. In the
case of severe, moderate and slight damages which are very difficult for
inexperienced engineers to determine in precise manner, the recommendation
witl be major, considerable and minar repairs, respectively.

Now the problem is one to construct a rational way for confirming the
hypothesis that the structure in question is severely damaged, to be true or
false, or to be more reascnable than other hypotheses from possible observa-
tioens. The observations may come from (i) visual inspection at various por-
tions of the structure, (ii) reading of accelerometer records during the
earthquake, (iii) nondestructive testing, and (iv) loading tests before and
after the earthquake. Although we will primarily consider the observations
(i) and (i1) 14n this paper, acceptability of other observations should be
considered in the design.

Available features for damage classification or assessment from the
visual inspection may include the detection fo deformations and cracks in
columns, beams, joints, floors, ceilings, external & internal walts, doors,
windows, stairs, nonstructural partitions, utilities, elevators, etc.
Features to be derived from the accelerometer records by using system iden-
tification techniques may include the change of natural frequency of the
building vibration, the change of damping factor, the maximum interstory

drift and the total energy absorption and dissipation during the earthquake.



(Time histories of above changes are sometimes also good information for ex-
perts.*) In addition, when we try to infer the damage state from above-
mentioned features, we should consider many other conditions regardiné the
structures in question, such as structural material, height or number of
stories, areas of floors, shaﬁes, soil condition and foundation, the year
that the building was built, building use, design parameters if available,
existence of walls, experience of human inspector, etc. which are stored as
reference data apart from inspection data and utilized for the inference 1in
SPERIL.

To formulate the problem, the approach of production system [6,25,27]
alloWws wus to decompose a complex problem into a number of simpler sub-
problems, the relations among which are hierarchical (parent and son) or
paratlel (brothers). In addition, in order to accommodate knowledge effi-
ciently from human experts, these sub-problems are fitted to knowledge units
of the experts. Keeping this in mind, the framework** for knowledge
representation or inference 1is determined and is shown in Fig. 2, where
several intermediate diagnostic states or sub-goals are introduced, the
grades of which are inferred from their lLower Level nodes or sons.

Each numbered node corresponds to a set of rules in production system
for the inference, the princibLe-of which is discussed later. Each double
circled node denotes the data analysis process to obtain the feature from
the accelerometer records. We will not go into further details in this pa-
per except one comment that one of the important things in the interpreta-
tion of the visual inspection is to tell inexperienced'ihspectors what is

structural component or non-structural. For example, interpretations of

*Sozen, M. A., private communication.
**xThis pre-formation of knowledge or inference framework is not required
in some other knowledge representation schemes.



cracks appearing on shear walls, infill walls and non-structural walls are

often quite different.

3. Production System with Certainty Factor

Before going into the description of SPERIL's inexact inference mechan-
jsm, let us see why direct applications of existing methods are incon=-
venient.

The certainty factor was first introduced into production system in MY-
CIN [24,251. The combining function of certainty factor plays an important
rote for the production system to keep knowledge modularity even in uncer-
tain situations. For the recent theoretical development of the certainty
factor in production systems, see [181.

Suppose that the same grade expressions as.the final damage state of
Fig. 1 are used for the intermediate diagnostic states. For the purpose of
illustration, consider node No. 2 in Fig. 2. According to the approach of
production system with certainty factor, a set of rules for confirming that
structural damage of global nature (GLO) is severe may be listed like RULE
201-207 of Table 1, where the numerical certainty factors of the rules are
indicated in parenthesis,

Combining function of the certainty factor can work well only for the
case that the rules to bé combined are mutually independent in confirming a
hypothesis. Thus, a problem arises. Although the combining function may
work well, for example, among RULE 201, 205, and 207, it does not work well
and sometimes leads into incorrect results such as an overestimation in the
confirmation, among RULE 201, 203, and 204. The reasons are: 1) the deci-
sion is preserved until the final goal in the production system and there=-
fore there exists several possibilities of different hypotheses at one time

in an intermediate state, and 2) the inferred hypothesis has a continuous



nature in the damage assessment of existing structures. Some minor changes
to solve the above problem are possible, but they tend to lose the con-

sistency and knowledge modularity of the production system.

4. Fuzzy Set Theory

In fuzzy set theory [14,34,35], a membership function and its opera-
tions play the key role in the expression of ambiguous facts and inferences.
One important thing to understand the fuzzy set t‘heory is, in authors' opin-
jon, to know why maximum and/or minimum 6perations are used. There is no
rigid justification for this, except that a) the max. and/or min. operations
are the most natural extension of binary Logic from a viewpoint of satisfy-
ing most of the algebraic axiohs in binary logic, and b) the results of
these operation are compatible with human intuition. The difference between
the probability and the membership function can be understood through the
property of the max. and min. operations.

This fuzzy set theory seemé to give a convenient tool to the inference
of our damage assessment having continuous nature. Moreover, recently its
applications in civil or structural engineering {1,3,7,12,32) are believed
to provide a good measure for the interpretation of Low-level features in
damage assessment.

Consider the same inference examplevas in the previous section in terms
of fuzzy set theory under the framework of production system. First of all,
we define the damage grades as shown in Fig. 1 as fuzzy linguistid vari-
ables. For example, let B denote the severe damage state. Then the mem-

bership function may be specified as follows:



0.2, ifd=4
0.5, d=5
0.8 , d=é
i =10, d=7 (M
0.8, d=38
0.4, d=29

where d denotes the numerical grade of the damage state.
Let us use th. following composition [21] to generate a fuzzy relation
R from the conditional statement (IF:F, THEN:G), because it satisfies the

inference of modus ponens;

R= f Cug (U A u (V) / v, ‘ (2)
UxV

where F and G are fuzzy subsets of universe sets U and V, respectively, and
A denote min. operation. Then G' inferred from f' which is somewhat dif-

ferent from original premise F can be calculated as,

Gl

Ro F'

S v i@, A w iy, - (3)
V uel

where V denotes max. operation.

Consider RULE 201 of Table 1 ignoring the second .premise which dis a
non-fuzzy variable. if we treat the certainty factor to proportionally de-
crease the membership function of the c0nclusion,* fuzzy sets {STI1} and
{GL01} of the first premise and conclusion, respectively, and the relation

R1 are given,

*This treatment is selected in connection with the following section.
Truth quaLification can be another approach.



0.2, if d =
0.5, d=
0.8, - d=
6T =4 40, 4=
0.8, d=
0.4, d=
{GL01} = uB(d) x 0.6 =
Ry = {STL,} f1{eLo1} =
{STI}
6 5 6
412 12 .12
5.2 .3 .3
WGLOY 1.2 48 .48
7.2 5 .6
8.2 .48 .48
ol.2 .26 .24

- 10

o N O

0.12
0.3
0.48
0.6
0.48
0.24

.12
.3
«48
.6
48
«24

After the membership of decendent state

of {6L0O) is obtained or inferred by Eq.

, if d=
’ d=
’ d=
’ d=
, d=
, d=
8 9
.12 .‘¥2-1
3 .3
48 4
b .4
48 .4
2h .24

{ST1} is determined, the

(3) and (6).

NI SN NV RN

-

(4)

(5)

6)

membership

Likewise, other {GLO}s can be inferred through RULE 203, 204, 205, 207.

According to the calculus of fuzzy set theory, the final {GL0} is eventually

obtained by taking the maximum membership function of these {GLO}s at each

d.

The advantages of using fuzzy set theory in this application are

that,

1) the range covered by a rule is broad, 2) redundant rules are allowed be-
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cause only one effective element is selected through the max. and/or min.
operétions, and 3) the ﬁnference is realized for the continuous variables by
a smart mapping calculations of fuzzy relations. Hence, the problem
described in previous section would not exist.

However, because a strong rule acts to mask the other rules, the pro-
perty of inference accumulating several confirmations from different evi-
dences cannot be expected. For example, for the case that both premises of
RULE 201 and 205 are satisfied, we must add a new rule;

RULE 2%% IF: 1) STI is severe,
2) MAT is reinforced concrete, and
3) FRG is severe,
THEN: there is strong indication (0.7) that GLO {s severe.
Otherwise, the contribution of RULE 205 is ignored. The necessity of wusing
this kind of rule addition implies the loss of:knowLedge modularity.

The other problem of fuzzy set is how should we treat the rules indi-
cating disconfirmations of the consequence Like RULE 204. This consequence
clause may be replaced by

THEN: there is a weak indication (0.3) that GLO is not severe.

Because the fuzzy sef of not-severe is defined by 1 - uB(d) (see Eq. (1)),
RULE 204 becomes to contribute the confirmation of no and slight damage
states. This effect itself is not unconvenient, but the expeeting discon-

firmation of severe damage state cannot be attained.

5. Membership Function of Certainty Factor

So far, we see that white‘the production systém with certainty factor
and the fuzzy éet theory 1in production system have favorable properties in
some respects, their direct appLicafions are not necessarily appropriate 1in

damage assessment because of their critical drawbacks.
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The idea of the knowledge representation or inference mechanism em-
ployed 1in SPERIL is simple but very important. That is, the certainty fac~
tor rather than the damage gr§de itself is regarded as a fuzzy set along the
degree of damage state d. Individual inference with a rule is conducted by
fuzzy inference using the fuzzy relation. After this individual inference,
several resultant fuzzy sets of certainty factor from different rules are
combined to generate a fuzzy set of certainty factor confirming or discon-
firming & hypothesis by using a consistent combining function of certainty
factors [181,

Suppose that we have

RULE IF: H, is uA(Id),

THEN: there is jndication (cb,a) that HB is uB(d),
where uA(d) and uB(d) are membership functions characterizing no, slight,

moderate, severe or destructive damaged state, and cb is a certainty fac-

,a

tor of the rule. Since Cb 3 fakes a value between -1 and 1 while uA(d) and
’
ug(d) are in the range between 0 and 1, the fuzzy inference of Eq. (2) and

(3) is changed to,

R = sgn(Cb'a) J Cuyd,) A <|cb’a|-uBcdz))}/(dde), )

and

) i _
ugldy) = sgncc, Jv Clugtdy,dy) | & Luftd,) Vv 031/d (8)

1 2’

where ug(d1) is the determined membership function of certainty factor of HA
in the inference.
Both the modularity of the knowledge and. the capability of expressing

continuous nature can be achieved by taking advantages of the certainty fac-

tor and fuzzy membership function, respectively.
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6. Conclusions

The outline of the knowledge organization of a rule-based damage as-
sessment system.of existing structures subjected to earthquake excitation is
described. Then the principle of inexact fnference to reach a rational
solution has been described. Fuzzy set theory and production system with
certainty factor are employed jointly in the inexact inference to deal with
the continuous nature of the damage state and to attain the modularity of
uncertain knowledge, respectively,

No special strategy to speed up the inexact inference process is adopt-
ed at present. It is important for the system to build up gradually by.ac-
cepting new knowledge. Particularly, recent full-scale dynamic tests of

buildings are expected to provide useful information to this problem.
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Table 1 - An example of rules

RULE#

201 IF: 1) ST1 is severe, and
2) MAT 18 reinforced concrete,
THEN: there is cons1derabte indication (0.6) that GLO is severe.

202 IF: 1) ST1 is severe, and
2) MAT is steel,
THEN: there is strong indication (0.7) that GLO is severe.

203 1F: STI is moderate or destructive
THEN: there is weak indication (0.3) that GLO is severe.

206 IF: STI is no,
THEN: there is weak negat1ve indication (~0.3) that GLO is severe.

205 IF: FRG is severe,
THEN: there is considerable indication (0.4) that GLO is severe.

207 IF: 1) WAG is severe, and

2) MAT is reinfarced concrete,
THEN: there is considerable indication (0.5) that G6LO is severe.

— e — e ——— T Mt e m e T mrm | m—e S ey iy e sy e i m—— e tha m w? e heew iy et e o —

Abbreviations
GLO damage of global nature
STI  diagnosis of stiffness
FRG diagnosis of global nature of frames from field inspections
MAG diagnosis of global nature of structural walls from field inspections

MAT structural material




o 1 2 3 L 5 6 7 8 9 10
L 1t 1 i ] | | | s IO |
N — g —" RS
No Slight Moderate - Severe Destructive

Fig. 1. Grades of damage states and its verbal expressions.



*s34n3on43g BuIsixX3 JO Juswssossy dbeweq 9yl J0J 3IOMIDN S2UIIDHU|

Sp1023y

4932W019( 922y

*2319
“51031BA219 *“s3131113n ‘uoiliiaed

0 00

*z °614

[ = %EnbuITeT

4934y |

_ pue 21049g
]

. ]
$3) c:_vGOMIb

1T

|ein3ioniisuou ‘saiels ‘smopuim __
‘Sa00p ‘S||Eem [eusa3u] 9 |BULIIXD —
.mm:w__ow_.mhhopm .muc_o“ ‘ sweaq uoi3edissig 103¢4 _ " Aduanbad 4
‘suwn|o05 jo uoi3dadsu| s3oed) 3 uoy3diosqy buydueg tesnienN 33140
pue co.umELOmwo “uoy39n1359g Abaauy 40 abueys _ _ Jo abuey) A1031sa33u)
. P N
] 0l 6 8 L 9 S
1
| 4 4 \ r f 4 4
(1e207 _ _
_ s3juauodwo) ‘129019) A_WUOA daau) . Builsiag
|e4n32n13SUON SLIEM 1eqo19) 3 anbiiey _ Bu)dweq S$3U44138 031 anp
CINLFELEEES sowe. 4 : ateweq

uo3dadsu| ﬂm:m_>

woJd 4 sisoubeiq

sisA|euy ejeq :

sa|ny

aunjepN sanjepn
{ecoq SAlje{nuny
Jo 2beweq Jo obeueq

ainieN
1eqo19
Jo abeweq

ALHIIIIIII’IIIIIJV

20uU3sajiaju] n@@
40 s39¢

23e35 obeuweq

S1SA|euy
piooay
woJly sisoubeiq



STRUCTURAL ENGINEERING TECHNICAL REPORTS

73-1 “Active Control of Civil Engineering Structures, by J. T. P. Yao and J., P. Tang (PBr222594).

73-2 “Probabilistic Analysis of Elasto-Plastic Structures", T. L. Paez and J. T. P. Yao {PB-223328).

73-3 "Structural Identification - Literature Review", by R. Rodeman and J. T. P. Yao.

74-1 “Application of Decision Theory in Structural Engineering", by I. H. Chou and J. T. P. Yao.

74-2 "Formulation of Structural Contrel®, by J. N. Yang and J. T. P. Yao {PB-238063/AS}.

75-1 YFatigue Behavior of Tall Buildings - Literature Review", by R. Yu, A. R. Rao and J. T. P. Yao.

75-2 “Active Control of Building Structures Subjected to Wind Loads", by S, Sae-Ung and J. T. P. Yao (PB-252414).
76-1 ®"Active Control of Building Structures", by S. Sae-Ung and J. T. P. Yao.

78-1 "System Identification, Damage Assessment and Reliability Evaluation of Structures", by E. €. Ting and §. J. Hong
Chen and 4. T. P, Yao.

78-2 “Analysis of Concrete Cylinder Structures Under Hydrostatic Loading", by W. F. Chen, H. Suzuki and T. Y. Chang.
78-3 "Tests of Fabricated Tubular Columns", by W. F. Chen and D, A. Ross.

79-1 “Effect of Externa) Pressure on the Axial Capacity of Fabricated Tubuiar Columns", by W. F. Chen and S. Toma.

79-2 “Influence of End Restraint on Column Stability", by W. F. Chen.

79-3 "Double-Punch Test for Tensile Strength of Concrete", by W. F. Chen and R. L. Yuan.

79-4 "Ap Approach to Damage Assessment of Existing Structures”, by J. T. P. Yao (PB-80123382).

79-5 "Fixed Bottom-Supported Concrete Platforms", by W. J., Graff and W. F. Chen.

79-6 “Raliability of Existing Buildings in Farthquake Zones, Final Report", by J. 7. P. Yao (PB-159692}.

80-1 *“Elastic-Plastic Behavior of Beam-Columns and Struts", by W. F. Chen and S. Toma.

80-2 “Static Behavior of Beam-to-Column Moment Connections", by W. F. Chen and K, V. Patel.

80-3 "Tests of Beam-to-Column Web Conmection Details®, by G. P. Rentschler, W. F. Chen and G. €. Driscoll,

80-4 "Elastic-Plastic Large Displecement Analysis of Pipes", by A. F. Saleeb and W. F. Chen.

80-5 "A Structural Analysis Program for Reinforced Concrete Columns Under Biaxial Bending", by S. Al-Noury and W. F. Cher
80-6 “Reliability Considerations for Fatigue Analysis and Design of Structures“, by J. T. P. Yao

£0-7 "System Identification in Earthquake Engineering", by J. T. P. Yac and A. J. Schiff.

80-8 "A Rule-Inference Method for Damage Assessment of Existing Structures", by M. Ishizuka, K. S. fu and J. 7. P. Yao.
80-9 "Nonlinear Hyperelastic (Green) Constitutive Models for Soils", by A. F. Saleeb and ¥. F. Chen {PB81-120032).
80-10 "Performance of Low-Rise Buildings -- Existing and New", by J. T. P. Yao.

80-11 "Application of Fuzzy Sets in Earthquake Engineering”, by K. $. Fu and J. T, P. Yao.

80-12 "Plasticity Models for Soils", by E. Mizuno and W. F. Chen (PB81-120065). _

80-13 "Effect of Human Errors to Structural Reliability", by B. Randich and J. T. P. Yao.

80-14 "A Plastic-Fracture Model for Concrete - Part I: Theory", by S. Hsieh, E. C. Ting and W. F. Chen.
80-15 “Analysis of Soil Response with Different Plasticity Modeis”, by E. Mizuno and W, F. Chen.

80-16 *"Upper Bound Limit Analysis of the Stability of a Seismic~Infirmed Earthslope", by 5. W. Chan, 5. L. Koh and
W. F, Chen {PB81-117178)}

80-17 "Inference Method for Damage Assessment System of Existing Structures", by M. Ishizuka, K. $. Fu and J. T. P. Yao.
80-18 "Data Analyses for Safety Evaluation of Existing Structures", by S. J. Hong Chen and J. T. P. Yao.

80-19 "ldentification of Hysteretic Behavior for Existing Structures®, by S. Toussi and J. T. P. Yao.

80-20 "Influence of Small End Restraint on Strength of Wide-Flange Columns®, by H. Sugimoto and W. F. Chen.

80-21 "Curved Bridge Response to A Moving Vehicle", by J. Genin, E. C. Ting and Z. Vafa.

80-22 “A Unified Numerical Approach for Thermal Stress Waves", by E. C. Ting and R, C. Chen.

80-23 "Structural Impedance Method for Transient Bridge Response Subjected to General Traffic Conditions", E. . Ting
and R. Wirghaderi.

80-24 *“Inelastic Cyclic Behavior of Tubular Members", by S. Toma and W. F. Chen.
80-25 "Unified Finite Element Approach for Coupled Thermal Stress Waves”, by E. C. Ting and G. A. Keramidas.
81-1 “Effect of Small End Restraint on Strength of H-Columns", by H. Sugimoto and W. F. Chen.

81-2 "Limit Analysis of Lateral Earth Pressures on Rigid Walls Retaining Cohesionless Soiis", by M. F, Chang and
W. F. Chen.

81-3 -~ "NFEAP - General Description, Sample Problems and User's Manual (1980 Version)", by 5. 5. Hsieh, E. C. Ting
and W, F, Chen. '

81-4 "Evaluation of Seismic Factor of Safety of a Submarine Siope by Limit Analysis", by €. J. Chang, W. F. Chen and
J. T. P. Yao

81-5 "Inexact Inference for Rule-Based Damage Assessment of Existing Structures", by Mitsuru Ishizuka, King-Sun Fu,
and James T. P. Yao.

81-6 "Theoretical Treatment of Certainty Factor in Production Systems", by Mitsuru Ishizuka, King-Sun Fu, and
James T. P. Yao.






