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1. INTRODUCTION

1.1 General Remarks

In his introduction to the Selected Papers of Hardy Cross which was
published by the University of Iilinois Press in 1963, Professor Hathan M.
Hewmark made the following recollection:

“1 shall always remember the occasion of my oral prelims when Cross

asked a question, the details of which I do not now recall, but

probably about the choice of a design criterion, which seemed to me

to be so controversial I could not think of an answer. The only

reply I could think of was, 'I don't know!' Slowly that ineffable

grin spread across his face; he replied, 'That's the correct answer.

It may well be the most correct answer you've given today. But

don't be discouraged. Neither does anyone else know.'"

Although this incident was not directly related to the problem of
structural reliability, it does serve the purpose of pointing out that a well-
considered reply "I don't know" can be the correct and appropriate answer to
some controversial and complex questions. The safety evaluation of existing
structures is such a complex problem, to which a completely satisfactory

solution is not available to-date.

In October 1945, the late Professor Alfred M, Freudenthal published a
paper entitled "The Safety of Structures" with the objective "to analyze the
safety factor in engineering structures in order to establish a rational
method of evaluating its magnitude". This historical paper marked the begin-
ning of structural reliability studies and was selected for inclusion with
many discussions in the 1947 Transactions of the American Society of Civil
Engineers [1].

Jdurinn these past three decades, much proqgress has been made in the subject
area of structural safety and reliability, The state-of-the-art as of 1972 was
summarized in a report of the American Society of Civil Engineers Structural
Division Task Committee on Structural Safety [2]. Subsequently, members of
the same Task Committee presented a reliability-based design code format to the

civil engineerina profession [3]. Meanwhile, the theory of structural reliabil-
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ity has been anplied to solve safety-related problems in earthquake, wind,
ocean, aerospace, and nuclear enaineering [4]. Recently, the reliability-based
load and resistance factor desiagn (LRFD) for steel buildinas is considered to
be the nrototype for the next aeneration of structural design codes in the
States [5-12].

To-date, most studies on structural reliability analysis have been con-
cerned with the calculation of failure probabilities for given mathematical

representations of idealized structural systems and enviornmental conditions,

Even for simplified and idealized systems, relatively few special cases of

the structural reliability problem have been solved mathematically in closed
form, In snite of the many recent improvements and refinements in structural
analysis, it is still difficult to obtain adequate mathematical representations
of the overall structural behavior in tﬁe nonlinear range corresponding to
various staqges of severe structural damage. Furthermore, certain significant
factors in structural reliability cannot be evaluated in an objective manner.
In summary, available results of theoretical and analytical developments in
structural reliability cannot be easily applied for the safety evaluation

of complex existing structures.

1.2 Objective and Scope

The objectives of this research project are (a) to formulate reliability
criteria, and (b) to analyze available test data in terms of damage probability
and other probabilistic response measures, Some three technical reports, ©
Cconference papners, and two journal articles were supported in part through this
research grant. In the following, results of these studies are summarized and

reviewed, Recommendations for further research are also presented.



2, LITERATURE REVIEV

2.1 System Identification in Structural Dynamics

System identification refers to techniques which are developed for
obtaining a mathematical representation of a specific physical system when
both the input to the system and the corresponding output are known [13,14].
In aeneral, a system identification technique consists of the following three
parts: (a) the determination of the form of the model with certain system para-
meters, e.q,, a set of second-order ordinary differential equations for the
description of the dynamic behavior of a given mechanical system; (b) the
selection of a criterion function using some means of the "goodness of fit"

from the model response to the measured response, when both the mathematical

model and the actual system are subjected to the same input; and (c) the
selection of an alqgorithm for the modification of system parameters so that
the discrepancies between the behavior of the mathematical model and that of
the actual system can be minimized,

During this past decade, structural response records with or without
known forcing functions have been collected and analyzed to obtain better
mathematical representations of the dynamical behavior of existino structures
[15-21]. During the first phase of this investigation, Chen et, al. [18-19]
critically reviewed more than 40 references and tabulated their pertinent informa-
tion concerning the application of system identification techniques in struc-
tural engineering. The linear lumped-parameter models are found to be the
nmost widely used ones because of their simplicity. Common methods of analysis
include the use of modal expansion and transfer function, and various least-
squares estimation techniques. For nonlinear models, invariant imbedding and
dynamic proarammina filters, least squares filters, quasilinear methods, ex-

tended Kalman filters, and maximum 1ikelihood methods have been used.



By necessity, dynamic testing of structures fbf the purpose of perform-
ing system identification must be conducted at small response amplitudies so
that the serviceability and safety limit states are not reached during these
tests, Consequently, the effectiveness of the resulting mathematical model is
restricted to the linear or slightly nonlinear range of the structural behavior.

Natural hazards such as strong-motion earthquakes have caused severe damage
to existing structures, and the safety evaluation of structures under such
extreme loading conditions is very important indeed. VWith the "realistic"
mathematical models resulting from system identification studtes, it is possible
to simulate the structural response to such extreme loads and thus to evaluate
the serviceability and safety of the strucutre under consideration. ilowever,

there exists the paradox that (a) the applicability of most "realistic" models

of the structure is limited to small-amplitude and linear response range, (b)
the catastrophic loadinag conditions are 1ikely to cause the structures to
respond beyond the 1inear or "near-linear" behavior which is usually assumed,
and (c) the severe loadings may cause sekious damages in the structure and thus
chanae the structural behavior appreciably from those in the mathematical model
resulting from system identification studies.

It is important that the extent of damage in structures can be assessed
following each major catastrophic event or at reqular intervals for the evalu-
ation of aging and decaying effects. On the basis of such damage assessment,
appropriate decisions can be made as to whether a structure can and should be
repaired [22,23].

2.2 Damage Assessment of Existing Structures

The damage of a given structure can be studied both experimentally and
analytically in case of need [24,25]. Experimental studies include either field
surveys or laboratory tests, Field surveys include the determination of exact

locations of failed components and other evidence of distress, the application
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of various non-destructive testing techniques to the remaining structure, the
discovery of poor workmanship and construction details, and proof-load and other
load testing of a portion of a very large structure. Meanwhile, samples can be
collected from the field and tested in the laboratory for strength and other
mechanical and structural properties. Analytical studies frequently consist of
the examination of the original design calculations and drawings, the review of
project specifications, the performance of additional structural analyses in-
corporating field observations and test data; and the possible explanation and
description of the event under consideration. The state-of-the-art for damage
assessment of existing structures has been reviewed recently [26,27]. Although
such general procedures are known to exist, the detailed methodology, especially
the decision-making process, remain as priviledged information for a relatively
few experts. Such priviledged information and specialized knowledge are being
transmitted to younger engineers primarily through many years of working ex-
perience and the development of engineering "intuition" and professional "judge-
ment", which are highly personal and subjective in nature.

2.3 Structural Identification

The concept of structural identification has been discussed at various
stages of development since 1973 [15,16,26,27]. Structural engineers are mainly
interested in identifying the damage and reliability functions, in addition to
obtaining the equations of motion. On the other hand, the updated equation of
motion using test data and system identification can be a tool for the estimation
of expected damage and reliability of existing structures in the future.

when a structure is inspected for the purpose of making damage assessment,

a series of tests may be conducted and the resulting data can be analyzed accord-
ingly. Quantities which can be measured and recorded ‘n testing structures
include tne load, the deformation (or strain), and the acceleration. From these

experimental measurements, mechanical properties such as stiffness and strength



and dynamic characteristics such as natural frequency and damping can_be estimated.
In addition, indications of damage such as cracks and local buckiing in the plastic
range can be detected visually by experienced inspectors. As an example, binoc-
ulars have been used by persons looking for color change in window panes in a
certain tall building which indicate the presence of flaws causing the eventual
breakage of window glasses. For metal structures which are subjected to repeated
Toad applications, dye-check, ultrasonic or x-ray devices may be used to find and
measure small and hidden fatique cracks which indicate structural damage.

When a structure undergoes various degrees of damage, certain characteristics
have been found to change. In testing a reinforced concrete shear wall under
reversed loading conditions, free vibration tests were performed to estimate the
fundamental natural frequency and damping ratios [23]. Results of these tests

as given by Wang, Bertero, and Popov [28] indicate that (a) the frequency

decreased monotonically with déhage while the damping ratio increased initially
and then decreased, and (b) the repaired specimen was not restored to the oriy-
inal condition as indicated by free-vibration test data. Similar results were
reported by liudson [17], llilgardo and Clough [29], and Aristizabal-Ochoa and
Sozen [30], among others.

Recently, comprehensive experimental results of dynamic full-scale tests
were obtained for a multi-story building structure [31] and a 3-span highway
bridge [32]. Galambos and !ayes [31] tested a rectanqular 11-story reinforced
éoncrete tower structure, which was designed in 1953, built in 1953, and tested
in 197€. The large-amplitude (and damaging) motions were induced with the sinu-
soidal horizontal movements of a 60-kip lead-mass which was placed on hardened
steel balls on the eleventh floor. This Tead-mass can be displaced up to +
20 inches and the frequency capacity was 5hz with the use of a servo-controlled
hydraulic actuator, one end of which is fastened to the building frame. The
maximum horizontal force range was + 30,000, pounds. These test results indi-
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cate that the natural frequency decreased with increasing damage in general.
Similarly, Baldwin et al [32] concluded from their testing of a three-span con-
tinuous composite bridge that changes in the bridge stiffness and vibration

signatures can be used as indicators of structural damage under repeated loads.

3. FORMULATION OF RELIABILITY EVALUATION

3.1 A Damage Function

One possibie approach to the structural identification problem is to obtain
a damage function, the parameters of which are then to be estimated using test-
ing and inspection data. Blume and Monroe [33] assumed that the damage is
linearly related to ductility factor with "0" denoting elastic behavior and "1"

denoting collapse. That is,

1
_ <L-y>
Damage oy (1)
where 7 = maximum displacement response
N = yield displacement
o = displacemnent at collapse
x> = singularity function such that, for n > 0, <x>"' = 0 when

x < 0, and <" = x" when x > 0.
Bertero and Bresler [34] stated that (a) the lateral displacement ductility
factors generally provide a good indication of structural damage, and (b) the
interstory drift is a more important factor in causing nonstructural damage.
Bresler [35] discussed the relative merits of using plasticity ratio (residual
deformation to yield deformation) and the ductility. For structures which are
subjected to cyclic plastic deformations with decreasing resistance, the ratio
of the initial to jth—cyc1e resistance at the same cyclic peak deformation was

also suggested.



For monotonic loading conditions, Olivelra [36] defined a damage ratio

function, DRF, as follows:
; b
oF = 1< = y>

where b s a material and structural paramenter. It is interesting to note that
Cquation 2 1s analogous to a damage function which was developed for axially-
loaded mild steel speciman subjected to low-cycle and hiah-amplitude reversed
plastic deformations [37]. This earlier damage function as given by Yao and
"lunse [37] was used to evaluate the damageability of structures Ly Kasiraj and
Yao [38] for a given earthquake excitation, and later by Tang and Yao [39] for
random ground motions. In an unpublished technical note, Rosenblueth and Yao

[40] used the following damaqge function in their pilot study of cumulative

damage of seismic structures:

n s b
D= § a, <FLoo s i (3
=1 'y )

The reasoning for the form as given in Equation 3 is presented in the Technical
'lote in Appendix A (see Cquation Al-4). Unfortunately, currently available
test data are still insufficient to either validate the form of such a damage
function or to estimate these parameters for reinforced concrete structures.

3.2 Application of Pattern Recognition

Fu and Yao [41] considered the problem of damage assessment in terms of
pattern recognition. In the theory of pattern recognition [42,43], data are
collected from a physical system such as an existing building structure with
the use of transducers. These transducers may include (a) human eyes with which
the size, number, and location of cracks can be measured and recorded, and (b)
accelerometers with which ground motion and structural response can be obtained.

A pattern space and a reduced-pattern (feature) space are then extracted.
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Finally, a decision function or classifier is applied to obtain the classifica-
tion, which in our case is the damage state as desired.

As an example of reliability evaluation of structures, Kobo [44] analyzed
some 30 bridges which were damaged to various degrees during the Kanto earth-
quake in 1923, the Kukui earthquake in 1948, and Wiigata earthquake in 1964,
Among these 30 bridges, 5 collapsed, 9 were severely damaged, and 16 were not
heavily damaged. A total of nine items were used to characterize each bridge
including (a) ground condition, (b) liquefaction, (c) type of structure, (d)
type of bearing, (e) maximum height of abutment or bridge pier, (f) number of
spans, (q) width of substructures crest, (h) seismic intensity in "M4I, and (i)
foundation. In each item, there were two or three cateqories for further

classification. The deqree of damage, Ai’ is assigned to ith bridge witn 1.5

to 5 for those five collapsed bridges and 0.6 to £ for all others. A mu]tib]i—
cative relationship of weighting factors, wjk (for kth category of jth item)
was used. For these 30 bridges, the weighting factors are obtained and a cri-
terion was proposed for the evaluation of seismic strength of existing bridges.

Recently, Fenves [45] discussed the potential application of artificial
intelligence and pattern recognition to structural design and detailing. The
following three levels were discussed: (a) the first level is to develope
strategies for processing existing design specifications, (b) the second level
is to make specifications more closely related to engineers' processing needs
and limitations, and (c) the third level is to provide explicit means for dis-
crimination, evaluation, and selection.

3.3 Application of Fuzzy Sets

According to Zadeh [46, 47], as the complexity of a system increases, our
ability of making precise and yet significant statements concerning its behavior
diminishes. Consequently, the closer one looks at a real-world problem, which

is usually complex, the fuzzier its solution becomes. The application of fuzzy
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sets to several civil engineering problems was reviewed recently [48,49]. Most
civil engineering structures are indeed complex systems, the behavior of which
can not be easily and clearly described at present.

In a recent technical report [49], fundamental elements of the theory of
fuzzy sets as given by Zadeh [47] and Kaufmann [50] are summarized along with
several structural engineering examples from Yao [48] and a simplified version
of an example on structural reliability from Brown [51]. An attempt was then
made to begin the application of the theory of fuzzy sets to the complex problem

of damage assessment of existing structures.

4. ANALYSIS OF AVAILABLE TEST DATA

Analytical results as presented by Chen et al [52,53] are summarized herein.

In this study, two simple methods are presented for the identification of Tinear
pararmeters as a function of time during a strong-motion earthquake, Hethod I is
used to find parameters W, and & from two simultaneous equations which result from
the Tinear and first-mode equation of motion at time t and time t + At by using
measured earthquake and response data. Assuming the time interval At is taken
such that the structural behavior remains linear, parameters at any time t can

be found as follows:

. (xo]"'y] ))'2 - (5(.02*'5;2))']

o (t) e
N2 YN (4)
and
Xyp+¥pten(tly
se) = - Y (5)
2w (t)y

where ¥, y, y, and § denote respectively measured ground acceleration, first-
mode displacement, velocity, and acceleration response of the structure; and the
subscripts "1" and "2" refer to the evaluation these time functions at times t,
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and t+At, respectively. The solution can be improved by selecting At when
variance of W, and/or variance of & are small by taking the mean and variance of
W and £ at different At.

In method II, the natural frequency, w,, and damping ratio, &, are found by
using the least squares-fit. These two parameters are estimated by minimizing

the integral-squared difference, L, between the excitations of the structure

and the linear model. llence,
n n o
k ;. SN2 oK gy an a6 4ly )E 6
£ = ignj(xoi-xo1 )" = %j (Xoi+y1+‘gwny1+wnyi) (6)

o o . Y4
o (ZPyy*ER 3y )5y, - (09,9 40% 1y, )2y )
n 2 7

w
Ry
Lysiyy-(Ty,y,)

and

LY.y . +IX +m2T 2
_ YT %01Y i %Yy

g -
an)j_y].y1

where intervals (nj,nk) are segments of the records.

The Union Bank is a 42-story steel frame structure, which sustained minor
(nonstructural) damage such as plaster cracking and tile damage during the 1971
San Fernando earthquake. Its rough estimate of earthauake repairs was $50,000
out of an initial construction cost of $30,000,000 [54]. The distribution of
the natural frequency obtain from Method I is shown in Table 1. The value from
1.25 rps to 1.35 rps is the mode. As given in Table 2, the natural frequency
is found to decrease segment by segment except for the last value obtained from
least squares fit. The loss of stiffness as indicated by this change in natural
frequency seems to be the result of cracking and other types of degradation of

nonstructural elements during the occurence of large-amplitue earthquake response.
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Table 1.

Obtained from Method I [53].

0.95

1.05

Analysis of Union Bank Data - Distribution of Hatural Frequency

511.85

1.1511.25(1.354 1.45 1.55 . 1.95
" < to to to to to to to to to to to | >
n{0.94511.0511.1511.25}11.35}11.45]1.55{1.6511.7511.85}1.95}2.0512.05
No. 26 23 16 29 36 29 30 17 11 4 6 6 27
Table 2. Comparison of Analytical Results of Union Bank Data [53].
41 (t & t+1.2 sec) Hethod 11 Modal !Minimization !
Time Interval Wy £ wo 4 Time Interval W
0-14 1.46 | 0.15 5-15 1.42
14-28 1.32 0.08 1.34 3.09 10-20 1.37
28-42 1.30 G.08 1.25 0.06 15-25 1.35
42 -56 1.25 0.07 1.31 0.11 20-30 1.33
] _

The Union Bank building was strongly excited by a large pulse in the ground

motion at approximately 10 seconds,

The natural frequency was found to be very

irreqular during the first 10 seconds, when the denominator in Equation 1 is

near Zero.

not accurate and should be ignored.

inaccurate due to such irregular values of W

Therefore the calculated natural frequencies of first segment are

Consequently, the damping ratio, £, is also

Otherwise, the properties at

large amplitudes of displacement are more relevant for the application of these

methods by comparing the displacement record and results of parameters.

In

addition, very small values of time segments should be avoided because of the

presence of measurement noise and errors.

Otherwise, these proposed methods are

found to be useful and efficient to determine the parameters for linear structures
and can be used to detect the presence and occurrence of nonlinear behavior in an
existing structure. In Table 2, the results of using these methods show agree-
ment with those of modal minimization method by Beck f55}.
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5. DISCUSSION AND RECOMMENDATIONS

5.1 Discussion of Research Results

Ideally, the behavior of any physical system in given environmental
conditions can be described with mathematical expressions. In reality, however,
it is difficult to obtain such a detailed and accurate mathematical representa-
tion for the damagement assessment and reliability evaluation of existing struc-
tures because of the following reasons:

{a) Although the linear and slightly nonlinear behavior of structures can
be successfully analyzed mathematically or numerically, the analysis of struc-
tures through various stages of damaging loading conditions remains to be a
challenging problem [31].

(b) Most existing civil engineering structures consist of extremely complex
systems. The classification and identification of damage states for such com-
plex systems require further studies.

(c) There exist many factors which cannot be evaluated objectively in the
damage assessment and reliability evaluation of existing structures.

In the current practice, relatively few highly-experienced and well-trained
structural engineers can successfully perform damage assessment and reliability

evaluation for existing structures. Even when these experts are willing, their

specialized knowledge cannot be transmitted to younger engineers in a direct
and systematical manner without many years of working together. The ultimate
goal of this research project is to develope a more direct and systematical
methodology so that more engineers can be trained in a shorter time period than
it is required at present.

Mith this long-term objective in mind, several approaches were examined
following extensive Tibrary research into various aspects of the subject area
(18, 19, 20, 26, 27]. An attempt was made to obtain a damage function [40].

To seek a rational framework within which the problem can be fortulated, the
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theory of pattern recognition was considered [41]. In addition, an exploratory
study of the theory of fuzzy sets was made for possible applications in finding
decision functions [49]. Preliminary results of analyzing available test data
are also presented [52,53].

5.2 Recommendations for Further Research

While 1t is desirable to continue various research efforts in structural
studies by other ivestigators, the following alternative approaches are recommend-
ed,

5.2.1 Search for a Damage Function

The pilot study as given in Appendix A should be continued. Although
available experimental data were not intended for the establishment of such a
damage function, attempts may be made to develope a method analyzing the volu-
minous test data for such a purpose. Moreover, experimental investigators should
be encouraged to consider the possible development of a damage function in the
design and conduct of their future testing programs.

5.2.2 Formulation of the Problem of Damage Assessment:

Efforts should be continued to examine the problem of damage assessment in
the contest of pattern recognition. It is desirable to obtain a mathematical
formulation with emphases on (a) the formulation of a decision function or
classifier and (b) the development of a procedure for the feature extractor.

The usefulness of currently available field data for damage assessment should be
examined. Moreover, the need for additional information not currently available
should be considered.

5.2.3 Identification of Significant Parameters:

With the mathematical formulation of the problem, attempts should be made
to identify significant parameters, which are measurable or can be computed
from currently available data. In addition, it is desirable to find additional

parameters of importance which are not being collected and analyzed at present.
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It 1s expected that these patterns can be ranked according to their respective
significance in relating to the overall damage state.

5.2.4 Tllustration and Demonstration:

Special cases of experimental results and field data should be analyzed
for the purpose of illustration and demonstration of such a methodology. In
so doing, the practicality and feasibility of this methodology can also be
examined.

5.2.5 Collection, Processing, and Interpretation of Existing and
Available Test Data and Reocrds:

Field records and laboratory test data should be collected. Whenever it
is possible, the methodology thus developed should be applied. Additional tests
can be proposed if such information and data are not readily available for the
implementation of this methodology.

5.2.6 Interaction with Practicing Engineers:

Because of the practical nature of the ultimate goal of this research topic,
close contact must be maintained among academic researchers and practicing engi-
neers. In fact, several experts in practice have cooperated with the investigator
to-date. Moreover, they promised to continuously provide their valuable advice
and future cooperation in case of need.

5.2.7 Control of Structural Damage:

A review paper on the topic of structural control was presented at the 1979
IUTAM Symposium on Structural Control [56]. The written manuscript is attached
to this final report as Appendix B. As the application of active control becomes
more feasible and practical in the structural engineering profession, it is
desirable to study further the application of active control for safety consider-
ations.

5.2.8 Development of Inspection and Testing Procedures

Eventually, results of these above mentioned studies can be utflized in the
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development of inspection and testing procedure for various types of structures.
Such an inspection and testing procedure can be used to assist engineers in
deciding whether a new structure is acceptable as well as whether a damaged

structure can be repaired.

-16-



ACKNOWLEDGEMENT

In conducting this research program, I had a unique and rewarding experience
by visiting the University of California at Berkeley (15 weeks), the Instituto
de Ingenieria in Mexico (5 weeks), the University of California at Los Angeles
(4 weeks), and the California Institute of Technology in Pasadena (4 weeks). In
addition, I made several short visits to Agababian Associates; J. H. Wiggins
Company; Wiss, Janney, and Elstner; National Bureau of Standards; Federal Highway
Administration; Department of Housing and Urban Development; National Science
Foundation; Los Alamos Scientific Laboratory; California Polytechnic State Uni-
versity at San Luis Obispo: George Washington University in Washington, D.C.;
Columbia University in the City of ilew York; Washington University at St. Louis,
University of Waterloo, and University of I11inois at Urbana-Champaign. During
the 1977-78 academic year, I was supported by Purdue University (50% on sabbati-
cal leave and 50% on NSF Research Grant No. ENV77-05290). A part of my travel
expenses was reimbursed by Purdue University through the HSF research grant;
Instituto de Ingenieria; Los Alamos Scientific Laboratory, California Polytechnic
University at San Luis Obispo, and University of Waterloo.

These visits were very helpful through detailed discussions with various
experts in the subject area. I wish to thank all of my friends in these host
institutions for their valuable assistance and kind hospitality. Ors. M. P. Gaus,
S. C. Liu and J. Scalzi of the National Science Foundation provided continuous
encouragement to my efforts in this research project. My research collaborators
including C. A. Anderson, S. J. Hong Chen, King-Sun Fu, S. C. Liu, and E. C. Ting
are to be acknowledged for their valuable contributions as 1isted in References.
Last but not least, I thank Molly Harrington, Vicki Gascho, and Connie Smith for
their excellent typing work on this project in addition to their many other

secretarial duties in the School of Civil Engineering.

-17-



1]

(2]

(3]

L6]

7]

[10]

[11]

[12]

REFERENCES

Freudenthal, A, M., "Safety of Structures", Transactions, American Society
of Civil Lnaineers, v. 112, 1947, pp. 125-160.

Task Committee on Structural Safety, "Structural Safety--A Literature
Review", Journal of the Structural Division, American Society of Civil
Lngineers, v. 95, n. STA, Rpril 1972, pp. 345-854,

Task Committee on Structural Safety, "Papers on Structural Safety: Relia-
bility Dases of Structural Safety and Design, by A. H-S. Ang and C. A.
Cornell; Risk-Based Evaluation of Design Criteria, by B. R. El1lingwood and
A. H-S. Ang; ITlustration of Reliability-Based Uesiqn, by M. K. Ravindra,
. C. Lind,and W. Siu; Reliability of Structural Systems, by F. iloses;
Safety Against Dynamic Forces, by i1. Shinozuka; and Fatiqgue Reliability and
Uesign, by Jd. T. P. Yao", Journal of the Structural uvivision, American
Society of Civil Engineers, v. 100, n. 579, September 1974, pp. 1753-1530.

Freudenthal, A. F., Shinozuka, M., Konishi, I., and Kanazawa, T., Editors,
Reliability Annroach in Structural Engineering, tlaruzen Co., Ltd., Tokyo,
Japan, 1975,

Ravindra, ¥. K., and Galambos, T. V., "Load and Resistance Factor Design
for Steel", Journal of the Structural Division, ASCE, v. 104, n, ST9,
September 1978, pp. 1337-1353.

’

Yura, J. A., Galambos, T. V., and Ravindra, M. K., "The bending Resistance
of Steel Beams", Journal of the Structural Division, ASCE, v. 104, n. ST9,
September 1978, pp. 1355-1370.

Biorhovde, R,, Galambos, T. V., and Ravindra, i, K., "LRFD Criteria for
Steel Beam-Columns”, Journal of the Structural Division, ASCE, v. 104,
n. ST9, Sentember 1978, pp. 1371-1387.

Cooper, P, B., Galambos, T. V., and Ravindra, M. K., "LRFD Criteria for
Plate Girders"”, Journal of the Structural Division, ASCL, v. 104, n. ST9,
September 1973, pp. 1389-1407.

Hansell, W, C., Galambos, T. V., Ravindra, 1. K., and Viest, J. M., "Compos-
ite Leam Criteria in LRFD", Journal of the Structural Division, ASCE, v. 104,
n. ST9, September 1979, pp. 1409-1420.

Fisher, J. ., Galambos, T. V., Kulak, G. L., and Ravindra, 1. K., "Load
and Resistance Design for Connectors", Journal of the Structural Uivision,
ASCE, v. 104, n. ST9, September 1978.

Ravindra, . K., Cornell, C. A., and Galambos, T. V., "Wind and Snow Load
Factors for Use in LRFD", Journal of the Structural Oivision, ASCE, v. 104,
n. ST9, September 1973, pp. 1443-1457,

falambos, T. V., and Ravindra, M. K., "Properties of Steel for Use in LRFD",
Journal of the Structural Division, ASCE, v. 104, n. STY, September 1978,
pp. 1459-14€3,

-18-



[14]
[15]

(16]

(17]

(18]

[19]*

[20]

[21]

[22]*

[23]*

[24]
[25]

Eykhoff, Pieter, System Identification-Parameter and State Estimation,
John Viley & Sons, 19/4,

Saqge, A. P., and llelsa, J. L., System Identification, Academic Press, 1971.

Rodeman, R., and Yao, J. T, P., "Structural Identification - Literature
Review'", Technical Report No. CE-STR-73-3, School of Civil Lngineering,
Purdue University, December 1973, 306 paacs.

Hart, G. C., and Yao, Jd. T. P., "“System Identification in Structural Dyna-
mics", Journal of the Engineering Mechanics Division, ASCE, v. 103, n. EMO,
December 1977, pp. 1089-1104,

Hudson, D. E., "Dynamic Tests of Fuil-Scale Structures", Journal of the
Engineering HMechanics Division, ASCE, v. 103, n. EN6, Uecember 1977,
pp. 1147-T157.

Chen, S. J. Hong, 'Methods of System Identification in Structural Engineering,
M.S. Thesis, School of Civil Engineering, Purdue University, lest Lafayette,
IN 479507, August 1976.

Ting, E. C., Chen, S. J. Hong, and Yao, J. T. P., System Identification,
Damage Assessment and Reliability Evaluation of Structures, Technical
Report No. CE-S5TR-78-T, School of Civil Engineering, Purdue University,
February 1978, 62 pages.

Ibanez, P., et al, Review of Analytical and Experimental Technical Techniques
for Improving Structural Dynamic Todels, Bulletin 249, Welding Research
Council, Mew York, 1Y, June 1979, 44 pages.

Miller, D. E., A Survey of Structural Identification Techniques, M. S,
Thesis, Department of Mechanical Lngineering, The University of ilew Mexico,
Albuquerque, NM, Augqust 1979,

Yao, J. T. P., "Assessment of Seismic Damage in Existing Structures",
Proceedings, U.S.-S.E. Asia Symposium on Engineering for llatural Hazard
Protection, Edited by A. H-S, Ang, Manila, Phillippines, September 1977,
pp. 388-399,

Yao, J. T. P., and Anderson, C. A., "Reliability Analysis and Assessment of
Existing Structural Systems", presented at the Fourth International Conference
on Structural Mechanics in Reactor Technology, San Francisco, CA, 15-19

August 1979,

Hanson, J. M., Private Communication, 11 June 1977.

Cresler, B., "Evaluation of Earthquake Safety of L[xisting Buiidings", bevelop-
ing Methodologies for Lvaluating the Earthquake Safety of Existing Buildings,
Earthquake Engineering Research Center, University of California at Berkeley,
Report Ho. UCB/EERC-77/06, February 1977, pp. 1-15.

*Supported in part by HSF Grant Ho. PFR77-05290

-19-



[26]*

[27]*

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Reproduced from
best available copy.

Liu, 5. C., and Yao, J. T. P., "Structural Identification Concept", Journal
of the Structural Division, ASCE, v. 104, n. ST12, becember 1975, pp. 1045-
18.)()

Yao, J. T. P., "Damaqge Assessnent and Reliability Lvaluation of Existing
Structures", Engineering Structures, v. 1, October 1979, pp

Wang, T. Y., Bertero, V. V., and Popov, E. P., Hysteretic Dehavior of Rein-
forced Concrete Framed Walls, Report Ho. EERC 75-23, Earthquake Engineering
Research Center, University of California, Berkeley, California, Uecember
1975,

Hidalgo, P., and Clough, R. V., Earthquake Simulator Study of a Reinforced
Concrete Frame, Report {lo. LERC 74-T3, Earthquake Lngineering Research
Center, University of California, Berkeley, California, vecember 1974.

Aristizabal-Ochoa, J. D., and Sozen, M. A., Behavior of a Ten-Story Rein-
forced Concrete lalls Subjected to Earthquake flotions, SRS Ho. 4 T, Depart-
ment of Civil Engineering, University of Illinois, Urbana, IL, October 1970.

Galambos, 7. V., and Mayes, R, L., Dynamic Tests of a Reinforced Concrete
Building, Research Report Ho. 51, Department of Civil Engineering, Washington
University, St. Louis, M0, June ]978

Baldwin, J. U., Jr., Salane, H. J., and Duffield, R. C., Fatique Test of a
Three-span Compos1te H1qhway Bridge, Study 73-1, Je;awtment of Civil Engineer-
ing, Unfversity of Missouri-Columbia, June 1973,

Blume, J. A., and Monroe, R. E., The Spectral llatrix ilethod of Predicting
Damage from Ground llotion, Report Ho. JAP-09-88, John Blume & Associates, 1971.

Bertero, V. V., and Dresler, 0., "Design and Engineering Decisions: Failure
Criteria (Limit States)", Developing Methodologies for Lvaluating the Larth-
quake Safety of Existing Buildings, Carthquake Engineering Research Center,
Unfve{sity of California at Berkeley, Report o, UCB-EERC-77/0€, February 1977,
pp. 114-142,

Bresler, B., "Behavior of Structural E]enents-—h Review", Building Practices
for Disaster Mitigation, Edited by R. Wright, S. Kramer, and C. Culver,
fational DBureau of Standards, Building Sc1ence Series lo 46, February 1973,
pp. 266-351.

0liveira, C. S. Se1sm1c Risk Analysis for a Site and a lietropolitan Area,
Report No. CERC- 70 -3, Earthquake Engineering Qesearch Center, University of
California, LCerkeley, CA, Auqust 1975.

Yao, J. T. P., and lunse, !/, H., "Low-Cycle Axial Fatigue Bchav1or of Mild
Steel", ASTM Special Technical Pub11cat1on No. 338, 1962, pp. 5-24.

Kasiraj, I., and Yao, J. T. P., "Fatique vamage in Seismic Structures",
Journal of the Structural Division, ASCE, v. 95, n. ST8, August 1969, pp.
1673-1692.

*Supported in part by NSF Grant No. PFR77-05290

-20-



[39] Tang, J. P., and Yao, J. T. P., "Expected Fatigque Damage of Seismic Struc-
tures", Journal of the Engineering Mechanics Division, ASCE, v. 86, n, EM3,
June 1972, pp. 695-709,

[407* Rosenblueth, E., and Yao, J. T. P., "On Siesmic Damage and Structural Relia-
bility", unpublished technical note, liovember 1977; see Appendix A,

[41]* Fu, K. S., and Yao, J. T. P,, "Pattern Recognition and vamaqge Assessment",
Proceedings, Third ASCL EMD Specialty Conference, University of Texas,
Rustin, TX, 17-19 September 1979, pp. 344-347.

[42] Andrews, H. C., Introduction to Mathematical Techniques in Pattern Recogni-
tion, Yiley-Interscience, 19/2.

[43] t!endel, J. M. and Fu, K., S., Editors, Adaptive, Learning and Pattern Recogni-
tion Systems, Academic Press, 1970.

[44] Kobo, K., "Most Important Factors for Aseismic Characteristics of Bridges,”
U.S.-Japan Joint Seminar on Earthquake Engineering Research with Emphasis
on Lifeline Systems, 3-12 lovember 1976, Tokyo, Japan.

[45] Fenves, S. J., "Potentials for Artificail Intelligence Applications in Struc-
tural Design and Detailing", Artificial Intelligence and Pattern Recognition
in Comnuter Aided Design, Edited Dy J.-C. Latombe, Horth-HoTland PubTishing
CETZ“T§78j°BBT“TUETWTTﬁP‘

(46] Zadeh, L. A., "Fuzzy Sets", Information and Control, v. 8, 1965, pp. 335-353.

(477 Zadeh, L. A., "Outline of a New Approach to the Analysis of Complex Systems
and Decision Processes", ILEE Transactions on Systems, ilan and Cybernetics,
v, SMC-3, n. 1, January 1973, pp. 20-44,

[48]* Yao, J. T. P., "Application of Fuzzy Sets in Fatigue and Fracture Reliability",
presented at the ASCE/STD/EMD Specialty Conference on Probabilistic ilechanics
and Structural Reliability, Tucson, AZ, 10-12 January 1979,

[49]* Yao, J. T. P., "An Approach to Damage Assessment of Existing Structures”,
Technical Report No. CE-STR-79-4, School of Civil Engineering, Purdue
University, W. Lafayette, IN, October 1979, 25 pages.

{50] Kaufmann, A., Introduction to the Theory of Fuzzy Subsets, Translated by
J. L. Swanson, Acadeniic Press, 1975. '

[51] Bfowng C. B., "N Fuzzy Safety lieasure", Journal of the Engineering Mechanics
Jivision, v. 105, n, EI'5, October 1979, pp. 855-072.

{52]* Chen, S. J. M., Yao, J. T. P., and Ting, E. C., "Reliability Evaluation of
Structural Damage Using Measurable Uata", presented at the ASCE Specialty
Conference on Probabilistic llechanics and Structural Reliability, Tucson, AZ
10-12 January 1979. T

*Supported in part by !NSF Grant {lo. PFR77-05290

-2~



[53]* Chen, S. J. tong, and Yao, J. T. P., “Damage Assessment of Existing Struc-

tures", Proceedings, Third ASCE EMD Specialty Conference, University of
Texas, Austin, TX, 17-19 September 1979, pp. 661-664,

Foutch, D. A., G, U, liousner and P, C. Jennings, “Dynamic Responses of Six
Multistory Duildings During the San Fernando Larthquake", Report No. LLRL
75-02, California Institute of Technology, Pasadena, CA, 1975,

Leck, J. L., "Determining Models of Structures from Larthquake Records",
Report io. EERL 78-01, California Institute of Technology, Pasadena, CA,
June 1978,

Yao, J. T. P., "Identification and Control of Structural Damage", General

Lecture, presented at the International Union for Theoretical and Applied

Hechanics (IUTAM) Symposium on Structural Control, University of Waterloo,
Waterloo, Ontario, Canada, 5 June 1979 (see Appendix B).

*Supported in part by ISF Grant Ho. PFR77-05290

-22~-



APPENDIX A:

Technical Note

ON SIESMIC DAMAGE AND STRUCTURAL RELIABILITY

by
E. Rosenblueth! and J. T. P. Yao?

INTRODUCTION

During these past several decades, most building structures have
been designed to behave elastically during moderately strong earth-
quakes. For economical and other practical reasons, some plastic
deformations (and thus permanent damage) are expected to occur during
extremely large earthquakes [Al]. The damage resulting from repeated
plastic deformations can be cumulative, and certain structural failures

were related to low-cycle fatigue phenomenon [A2].

Much progress has been made since the theory of structural relia-
bility was introduced by Freudenthal in 1947 [A3]. Although some
attempts were made [A4], the effect of seismic damage on structural re-

1iability has not been clearly defined.

The objective of this technical note is to formulate the effect of
earthquake-induced damage on structural reliability. A simple example
is included for the purpose of illustration. Moreover, possible modifi-
cations to include the effects of weathering, wear, and corrosion are

also considered.

BASIC FORMULATION

Define the seismic reliability function as the probability that

the structure will survive each and every strong-motion earthquake

"Professor, Instituto de Ingenieria, Ciudad University, Mexico, D.F.
2professor of Civil Engineering, Purdue University, W. Lafayette, IN
47907, U.S.A.
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during a given time interval [o,t], i.e.,

N(t) ®
Nt)=P[r\ S. , U (Mt)=n%

i=0 n=o0

w  [N(t)

=3y P S | N(t) = n| PIN(t) = n]
n=0 Li=0
© [ n

= 22 P N S.|PIN(E) = n] (A1)
n=0 | i=0

where
S. = event that the structure survives the 1th earthquake

N(t) = random process denoting the number of strong-motion

earthquakes occurring during the time interval [o,t].

Using the discrete hazard function

c i-1 _
h(i) = P S, | N Sy (A2)
where the superscript "c" denotes the complementary operation of the

event, i.e., S1.C denotes the event that the structure does not survive

the ith earthquake, Eq. 1 can be expressed as follows:
© n
R(t) = 22 | L (1 - h(i)| P[N(t) = n] (A3)
n=o0 Li=o0

AN TLLUSTRATION

To illustrate for the evaluation of the seismic reliability as
given in Eq. A3, let Yi be a random variable denoting the structural
response (demand) to 1th earthquake, and Xi be a random variable re-
presenting the resistance (capacity) of the structure to the demand

resulting from the ith earthquake.
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It is reasonable to assume that,

i-1
X; = (1 - > D) «x
k=0

where Dk denotes the structural damage resulting from kth earthquake.

For simplicity and without the loss of generality, the initial
resistance, Xo? is taken as being a determinstic quantity here1n
Assuming statistical independence between Y and D(i-1) E: Dk’ it

can be shown that

18 Fo(i- ]) XV = Fy, ((1-x)x) dx

f fD(1 1 (x)dx

h(i) =

where f denotes the probability density function, and F denotes the

cumulative probability distribution function.

“As it is described in Appendix I, it seems to be reasonable to
use an exponential distribution as an approximation for the random

variable Dk’ i.e.,

fD (x) = ae , X >0
k
If we assume that
fY(_Y)=Ce-C‘y’C>;(—’.YZO
i 0

-25-

(A6)

(A8)



Note that h(i) is an increasing function as expected. R(t) can now be
computed using Eqs. A3 and A8. It can be easily shown that R(t) is a

decreasing function of t.

EFFECT OF WEATHERING, WEAR AND CORROSION

Let t1 denote the time for structure to deteriorate completely due
to weathering, wear, and corrosion, and T(1) be a random variable de-
noting the waiting time for the occurrence of 1th earthquake during

[0,t], then

X; = (1 - |1<=:> Dk> <g<1,:—)>> X, (A9)

(1)
where g( ) is a decreasing function of the araument. For examples,

(i) ((i) W
T T
LI NSRS T (A10)
g( t]) t )
(1) (1)
T T
{24 %)

Correspondingly, the hazard function can be modified as follows:

or

sEder) dx £y gy (0 Ty 0= Ry 1O x)g(%;)xo]}

h(i) =

1
s& dtr) dx Foio1) () () (t) (A12)

The structural reliability function R(t) can now be computed by using

Egs. A2 and A12 accordingly.
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DISCUSSION

At present, there does not seem to exist any usable cumulative damage
law for complete structures. A hypothesis based on plastic deformations
is suagested in Appendix I for the purpose of discussion. There exists

a need to establish such failure criteria for various types of structures.

In summary, a rational approach to relating seismic damage and
structural reliability is proposed herein. This framework can be further
developed to become more practical in the future when laboratory and

other necessary data become available.
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APPENDIX AI DISTRIBUTION OF SEISMIC DAMAGE

Consider a structure, which is designed to possess a ductility
capacity of uxy, where xy is the yield deformation for a design

earthquake with magnitude my at distance zy. Using the relationship [A1],

x. = H( e Y (AI-1)

The peak demand in plastic deformation due to 1th earthquake with

magnitude Mi at distance Li is given by

GMi &m
xpi = K- x> = KHLe T - H(g e Yy (AI-2)
where the square brackets denote the singularity function such that
{» =s, for s >0, and {s> = 0 for s < 0. On the basis of a Tow-cycle
fatigue criterion which was developed for small metal specimens [A6], it
is postulated that the incremental damage, Di’ resulting from 1th

earthquake is given by

n, Xp 81
.
0 = Ll (A1-3)
=1\""y "y
where X = jth application of the plastic deformation at the critical

Pis

J

section during the ith earthquake. For ease in computation, let Xp- =
3

max (X_ ), we have

J iJ
X By
s ca <Y o
Dy <Ml =x ] =% -1 (AI-4)
y Yy
H(Li) 6(M1-my)
where Yi = HYigj-e
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Ny
and Qg =

-1

It can be shown that

1/8,
Fo |1+ <L> (AL-5)
Y1- O

1

-
=
—~
x
~—
1]

and

1

1/8. - 1 1/8.
1
fDi(X) S (é;) ! inE + Qﬁ%) '] +-FY1(1)6(x) (AI-6)

The fact that most structures are designed to behave elastically implies
that F, (1) is very close to unity. For such cases, Egs. Al-4 and AI-5 are

j
sketched as shown in Figure I-1.

F oo ,‘

1

(x)

\f

It is believed that an exponential distribution function can be used

to approximate Egs. AI-4 and AI-5, i.e.,

Fp.(x)=1-e ) (AI-7)
i

and

fp (x) = ae X (AI-8)
i

where a is large and x > 0. When the form of FY (y) is available or
.i
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given, the approximate value of a can be established for appropriate

ranges of x-values.

AT.

A2.

A3.

A4,

A5.

A6.
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" APPENDIX B:

IDENTIFICATION AND CONTROL OF
'STRUCTURAL DAMAGE*

by
James T. P. Yao
Professor of Civil Engineering
Purdue University
W. Lafayette, IN 47907
U.S.A.
INTRODUCTION

When I was a college student, I learned to always choose a larger sec-
tion and thus a more comservative alternative in structural design whenever
such an option existed; The reasons were that, for civil engineering struc-
tures, (a) the weight of the structure was not a critical constraint, and
(b) the cost of construction material was not a major consideration. More-
over, design codes are traditionally conservative. It is well known that
most civil engineering structures to-date are relatively massive, stiff, and
stable. Nevertheless, over the years, a few of these conservatively de~
signed structures have been damaged due to unusually severe
natural hazards, defective materials, as well as human errors in design
and construction. Recently, more flexible structures are being designed
and built because (a) more sophisticated methods of analysis are available,
(b) cost of material is becoming a more significant design factor than
ever before, and (c¢) taller (or longer) and thus more flexible structures
are being attempted. for architectural and other considerations.

In an ideal situation where the disturbance to be encountered and the
resistance of the structure are completely known, it is relatively simple
to design a comfortable and safe structure. In reality, there always exist

uncertainties in predicting future loading conditions as well as in estimating

* General Lecture, presented at the TUTAM Symposium on Structural Control,
University of Waterloo, Waterloo, Ontario, Canada, 4-8 June 1979.
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structural resistance. Moreovér, there exist discrepancies between the actual
structural behavior and its corresponding mathematical representations used in
the process of structural analysis and design. To-date, several motion-
controlling devices have been used or porposed for comfort and/or safety con-
siderations. The development of structural control has been reviewed recently
[B1], and the state of the art is presented in detail by various experts during
this Symposium. Nevertheless, it is still difficult to design and construct
a structure even with the effective use of control systems, which will com-
pletely avoid the possibility of being damaged during its intended lifetime,
The objective of Fhis paper is to stimulate discussion of possible topics
in structural control for further research and development. The literature
on structural control is briefly summarized from a structural engineer's view-
point. The general applicability of structural control under various condi-
tions is reviewed. Finally, the identification of human and/or structural
response state in existing structures and its effect on structural control

are discussed.

LITERATURE REVIEW

The history of control theory relating to structural applications was
reviewed by Zuk [B2]. An attempt is made herein to briefly summarize the
recent development of structural control.

About ten years ago, I thought that the application of active control
could solve most difficult problems in structural engineering. Ideally,
flexible structures such as extremely tall buildings or long bridges can
be designed to resist only the operational gravity loads and the active
control system can take care of any side-sway motions resulting from lateral
loaa effects. Such being the case, we can bypass such problems as statistical
uncertainty in predicting future loading conditions and complicated structural

analysis. Of course, I learned quickly that not only the control theory is a
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well-established and difficult subject in itself, but also its application to
structural engineering requires further investigations. Instead of providing
a simple overall solution, the application of control theory has helped to
create many new challenging problems in structural engineering.

In 1968, Zuk [B3] discussed the concept of kinetic structures, an ex-
ample of which was the application of tendon control as proposed independently
by Freyssinet in 1960 and by Zetlin in 1965. Meanwhile, Wright [B4] and
Nordell [B5] suggested the use of active systems, which can be used to resist

-any exceptionally high overloading of a given structure. Later, the use of
initially slack cables~in forming bilinear hardening structures which are

subjected to earthquake loads was studied [B6,B7]. The concept of structural

control was presented to the structural engineering profession in 1971 [B8].

As an example, the use of thruster engines to generate impulsive control
forces was mentioned. Meanwhile, Gaus [B9] suggested that it is desirable
to search for an optimum combinatiqn of passive and active control devices.

In 1970, Wirsching [B10,B11] studied the use of passive motion-reducing
devices and suggested several means for the improvement of structural safety
under earthquake loading conditions. The displacement response of one-,
five-, and ten-story building structures to strong-motion earthquakes was
simulated with the use of an analog computer. The Gumbel Type I distribu-
tion of maxima was used in the statistical description of these peak res-
ponse data. Results of this study showed that the isolator system was the
most effective one among the five passive control systems thus studied.

In 1967, Masri B1l2 studied the possible application of "two-particle"
impact dampers. Gupta and Chandrasekaran [B13] investigated the use of an
absorber system for the reduction of earthquake effects. It was also men-
tioned that gyroscopes were being studied for use in the torsional stabili-
zation of suspension bridges in Japan [B14]. Nevertheless, most studies in

this direction in recent years are concentrated on the practical
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implementation of isolator systéms, including the use of energy-absorbing
devices (through plastic deformation), and tunmed mass dampers.

Green [B15] suggested in 1935 to construct buildings with a flexible
first story to obtain favorable response to earthquake excitations. Fintel
and Kahn [B16] reported that buildings without shear walls on the first floor
suffered less damage than those with shear walls during the 1963 Skopje and
the 1964 Caracas earthquakes. Therefore, it was Suggeéted that buildings can
be designed with a first story which is stiff enough to resist wind loads but
flexible enough to isolate the upper floors from seismic effects.

In 1969, Matsushita and Izumi [B17] proposed the use of non-circular
rollers which would cause the building to rise when it is’displaced_laterally.
The welght of the building would then act as a restoring force, which depends
on the shape of these rollers.

During the 1970 Gediz, Turkey earthquake, it was reported by Penzien
and Hanson [B18] that stretching of anchor bolts at column bases of several
buildings prevented the occurrence of more serious structural damage than
those actually occurred. In 1973, Kelly, Skinner, and Heine [B19] tested
three types of energy-absorbing devices, which undergo plastic torsion and
thus absorb the kinetic energy in the structure due to earthquake motions.
The use of such devices as isolators in seismic structures was explored by
Skinner, Beck and Bycroft [B20]. Recently, the behavior of two types of mild
steel energy-absorbing devices was given by Kelly and Tsztoo [B21], who showed
that these devices have substantial hysteretic energy absorbing capacity.
Kelly and Tsztoo [B22] also presented results of earthquake simulation tests
of model frames with such energy-absorbing devices. These resulsts indi-
cated the feasibility of using such devices for aseismic design [B23].

In 1976, Skinmer, Bycroft, and McVerry [B24] studied the combined use of
the energy-absorbing devices and laminated rubber bearings which possess

adequate horizontal flexibility for the isolation of nuclear power plants
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during earthquakes. They concluded that a high reliability can be achieved
for base-isolator components on the basis of extensive laboratory tests.
Tyler [B25] reported on results of dynamic shear tests on such laminated
rubber bearings, and.concluded that these bearings are suitable for use as
base isolators. Robinson and Tucker [B26] studied a lead-rubber isolator
consisting of a steel-reinforced elastomeric bearing with a lead insert
fitted in its center. They also recommended for i1ts use in base-isolation
systems for the protection of structures during earthquakes. Eidinger and

Kelly FB27] demonstrated experimentally the possibiiity of using such bearings

as isolators. Jolivet and Richli [B28] reported on the application of similar

reinforced-elastomer/friction-plate bearing systems in the foundation design

of nuclear power plant in South Africa. Recently, a massive reseaxch program
>;;v;tudy thé use of s£ee1 energy absofbing restrainers and their incorpora-
tion into nuclear power plants was described in a summary report [B29]. 1Tn a
companion volume, the current uses of energy absorbing devices were re-
viewed [B30]. The optimal design of an earthquake isolation system was
also investigated [B317].

Crandall et al [B32,B33J studled the slip of friction-controlled mass
under earthquake loading conditions. Recently, Nemat-Nasser [B34] is making
an analytical study of the vibration of a continuous viscoelastic slab rest-
ing on viscoelastic support for such practical applications.

Klein et al [B35] studied the uéé of shutger—like appendages to stabilizéwb
wind induced vibrations in tall buildings. This concept is being extended
and experimental studies are now in progress [B36,B37].

A tuned mass damper was installed on the 59th floor of the 914-foot
Citicorp building to minimize the discomfort experienced by occupants on
windy days. The device weighs 400 tons with two spring damping mechanisms
and a control system which is used to collect data and controls the motiocn

of this mass [B338,B30].. Although additional steel plates were welded to bolted
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connections later [B40], the retrofit was said to be unrelated to the effective-
ness of the tuned mass damper which is working extremely well. This interesting
topic was discussed by Petersen [B41] recently.

In a technical report, Yao and Tang [B42] discussed the application of an
active control system using impulsive control forces. For a single-degree-

of-freedom system, the control force was chosen as follows:

2
F o=~ ] a H(X| - ) sgn () HEX)

i=1
where a, denotes the force magnitude increment at the ith control level,
Ei denotes the specified displacement of the ith control level

H(.) denotes the Heaviside unitfstep function
sgn(.) denotes the signum function.
Similar control forces were given for a two-story building structure. Results of
numerical exaﬁples indicated that such impulsive control forces can be effective

in reducing the displacement responses of one- and two-story structural frames

to the 1940 El Centro earthquake excitation. For the purpose of illustration,
the effectiveness of such control laws in reducing the displacement response
of a two-story building structure is shown in Figure 1.

Yang and Yao [B43] explored the application of the classical stochastic
control theory to civil engineering structures. Yang [B44] showed that signi-
ficant reduction in covariances of structural respénses to stationary wind
forces as well as nonstationary earthquake effects can be obtained with the
use of optimal control. It is realized, however, that this type of controller
camot be used to avoid any given peak responses.

Sae-Ung et al [B45,B46] used the Monte-Carlo method to study structural
control for comfort purposes. A comfort control law using impulsive cgntrol
forces was applied to a 40-story building structure, and these simulétion

results imdicated .that such a control law is feasible. in terms of energy requirements.
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Martin and Soong [B47] applied modal control in changing specific dynamic

modes and system stiffness directly. A design procedure for modal contrxol has
also been developed by Chang and Soong [B48]. Recently, various types of tendon
control have been studied by Roorda [B491, Schorn [BSO],»Yang and Giannopoulos
[B51], and Abdel-Rohman and Leipholz [B52,B853]. In a different type of application

it was proposed to apply the control theory in the development of design codes

LB54].

APPLICABILIT& OF STRUCTURAL CONTROL

Recently, structural control for the purpose of maintaining human com-
fort has been successfully implemented in practice [B39-B41)}. Meanwhile, many
questions on practicality remain in the application of structural control
for~safety purposes. Some even say that practicing engineers will never
accept the idea of using active control systems to ensure structural safety.
In this section, an attempt will be made to éssess the applicability of
structural control under various circumstances.

It may be desirable to review the following several facts. First, it
i3 difficult to predict future loading conditions with limited amount of
past records. Secondly, it is not economically feasible to continue the
tradition of designing and building massive and stiff civil engineering
structures. Last but not least, uncertainties exist in material resistance,
mathematical representations, methods of structural analysis, and various
human factors. In the case of structures with control systems, the réli-
ability of wvarious components of the control system cannot be overlooked.
Depending on the failure consequence, a structure can be designed to possess
a certain level of safety. Never%heless, it is not practical to design and
build a structure even with control systems which can completely avoid any

damage during its intended life-time.

- For the sake of discussion, consider a given structure with and without=:: =i -v

structural control as shown schematically in Figure 2. Let X = X(t) be a
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vector of random processes denoting various loading conditions. Further—
more, let So denote structural responses without the control system and Si
denote responses of the ith design of the structure with control system,

i=1,2,...,n. Define the following damage states:

D, = "little or no" damage for ith design

o= (Si < ,Q,e)

D., = "Tolerable" damage for ith design

li . [
= < <
(ze —'si Rt)
D21 = "Repairable'" damage for ith design
= < <
(Qt‘_ Si Qr)
D3i = "Severe" damage for ith design

(s, > %)

where Re, 2. , and Qr denotes elastic limits, tolerable damage limits, and

t
repairable damage limits, respectively. If the cost for all these designs
are comparable, the design to be chosen can be the one with max P(Doi),
i=20,1,...,n. The computation of P(Doi) can be complicated enough even

for structures without control systems. Although the reliability problem
related to structural control was explored in 1972 [B55], practical and
complete solutions are not available to-date.

A point of view concerning the applicability of structural control is
summarized in Figure 3. Consider two types of control.system, namely passive
and active systems. The passive system such as dampers and isolators are
always available and operational. On the other hand, consider three types
of active control systems, say one each involving small, moderate, and large
control forces. The active control system with small control forces seems

to be suitable for comfort control and for keeping the structure within the

null-damage state Do. The small control force can also be associated with
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those loads which exceed the design values but still are lower than the
exceptional ones. The acgive control system with moderate control forces
may be appropriate for maintaining the structure within tolerable or re-
pairable damage limits. The moderate control force can also be associated
with those loads which range between exceptional and abnormal loads. The
large control force should not be used until the structure is near collapse
when it is subjected to abnormal loading conditions. A The adjective "almost
never' implies a very small or zero probability of occurrence.

The argument against structural control for safety considerations will
certainly continue. With this brief discussion, it is hoped to call atten-
tion to the fact that (a) it is difficult to predict with great certainty
the extraordinary or‘abnormal loading conditions which may occur during
the intended lifetime of the structure; and (B) different magnitudes and
types of control force may be used under various loading éonditions. If
and when the failure consequence of a particular structure is extremely.
grave, the use of one or more levels of active control systems may be

warranted.

STRUCTURAL IDENTIFICATION

To effectively control the motions of a structure, it is necessary to
be able to describe the characteristics of the particular structure. Cur-
rently available mathematical representations result from generalizations
of existing knowledge in the structural engineering profession. Following
the completion of the construction process, each‘civil'engineering structure
possesses 1its own characteristics, the precise description of which is dif-
ficult to obtain with the use of any éeneral mathematical model. In recent
years, techniques of éystem identification [B56,B57] havé been applied to
structural engineering [B58]. At present, the study of structural identi-

fication includes mathematical modelling, damage assessment, and reliabi-
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1ity of existing structures on the basis of field observations and test
date [359]. & comprehensive summary and discussion of the subject matter
was presented recently [B60].

The interrelationship between structural control and structural identi-
fication is shown schematically in Figure 4. Basically, a set of warning

iimits can be established such that the active control devices are activated

whenever one or more of these warning limits are exceeded. Structural iden-
tification techniques can be applied to detect any damage and to decide
whether such damage is tolerable. If and when permanent and moderate damage
occur, the structure must undergo a.detailed inspection. If it is found
necessary, the structure must stop functioning and major repairs should be

implemented. When the damage is found to be severe, the structure must then

be demolished and rebuilt.

" 1t is noted that such terms as "tolerable" and "repairable" damage are
not clearly defined for an existing structure, which is usually a very com-
plex system. Therefore, it is difficult to identify such limit states in

reality. As a possible approach to the solution of this problem, the appli~

cation of pattern recognition is being explored [B6l].

CONCLUDING REMARKS

It is encouraging to note that there has been an increasing interest in
research activities concerning structural control during this past decade.
With the cooperation of experts from various disciplines including structural
engineering, theoretical and applied mechanics, and control theory, more signi-
ficant contributions to this subject area can be expected in the near future.

One of the most phallenging problems seems to be the one relating mathe-
matical representations to the structural behavior in the real world. I be-
lieve that experimental results such as-those reported by Roorda [362] will be

most promising in bridging this gap. Nevertheless, there remains the problem
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of obtaining precise yet significant solutions of the behavior of complex

systems. As it was stated by Zadeh [B63], our ability of making precise and

yet still significant statements concerning the system’behavior diminishes

with increasing complexity of the system. Consequently, the closer one looks

at a complex real-world problem, the fuzzier its solution becomes.

. 2
In summary, much progress has been made in the subject area of~”structural

contrcl., Nevertheless, there remain many challenging problems. The most

significant contribution of this Symposium was to establish worthwhile commu-

-

nication among various relavant disciplines. I expect that various experts can

collaborate to solve these and other problems successfully in the foreseeable

- future.
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