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ABSTRACT

An attempt has been made to analyze dynamic test data of building struc-
tures for the assessment of structural damage. In this paper, the method of
converting evidential information to the interval representation of Dempster
and Shafer is applied. It is shown how results as obtained from an individual
source are Interpreted. Then, the information as obtained from several differ-
ent sources is combined to compensate for individual deficiencies of the
knowledge sources. The resulting algorithm is then applied to assess the
damage state of a prototype 1l0-story reinforced concrete frame structure
subjected to repeated earthquake loading conditions in the laboratory






INTRODUCTION

Recently, several ‘lnvestigations have been conducted
for the 'evéluation of structural damage by analysing
recorded dynamic response of these structures [1-7]. A
technique for the identification of inter-story hysteretic
behavior of ‘multi—story building structures was intrcduced
by authors [4-6]. An interesting feature of these estimated
load-deflection relationships is the "soft~to-stiff" type of
behavior of reinforced concrete structures under large and
repeatadly applied deflections. From this observation,
Touséi [4] proposed a new damage indicator which 1is called
"slope ratio¥ and defined as the ratio of structural
stiffness under low-amplitude deflections (and loads) to

that of the initial unloading at high-amplitude deflections

{(and loads). There exists uncertainty In the process of
ldentification and computation, particularly in the
treatment of highly nonlinear structures. Such an

uncertainty resuylts from the error/noise associated with
measurement process and the mathematical representaticn of
the system, | This type of uncertainty, therefore, required
further invegtigation of how the system lidentification
results can belfurther refined.

Because there were alternative measures of damage as
~given by other investigators, It was decided to study

techniques which can be used to combine the resulting



assessment of structural damage as obtained Fromz several
different  sources, Because the range of variation in a
sub jective assessment cannot be expressed numerically, only
inference procedures can be used to solve this probieﬁ in
terms of words, phrases or statements. Consequently, new
definitions and expressions are needed herein. Neverthless,
the emphasis of this papaer is placed upon the engineering
application of such a theory.

Garvey, Lowrance, and Fischler [8] introduced a method
for the integration of knowledge accumulated from a variety
of sources on the basis of the ”evidentiai'propositional
calculus”, which is a derivative of Shafer's mathematical
theory of evidence [9]1. This led authors to form a simple
algorithm to combine the information as cbtained from
several different sources.

Dempster and Shafer's theory [9,10] can be used to
provide a rational inference procedure for the solution of
problems ‘with uncertainty [11]. In contrast to the
probabilistic techniques , which cannot be wused to deal
effectively with ignorance/uncertainty, Dempster and Shafer
Incorporated such an uncertainty into numerical computation,
In their approach, it is not necessary to set the sum of ths
probability of a proposition (event) and its negotiation
{complement) equal to one. The 1iklihood of a proposition ,
A, is presented as a subinterval ,[s(A),p(a)], of the unit
interval . [0,1]. The evidential support for A is

represented by s(A),while p(A) represents the degres to
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which one fails to doubt A and is equal to one minus the
evidential support for &, Because s(A)+s(&)<g1, It s
inferred that s(A)Sp(A). The diference between the values
of s(A) and p(A), therefore, represents the degree of
uncertaity of A.

In this paper, the method of converting evidential
information, as furnished in the form of a probability mass
distribution , to the interval representation [s described.
The basic principle of Dempster and Shafer's theory is First
presented. Using an example, it Is shown how to manipuléte‘
and intefpret the results(samples) as obtalned from an
individual source in order to form a parameter mass
distribution. The Dempster's rule of combination is then
used to combine the Iinformation obtained from several
different sources . This combination, as wiill be shown
later, has the effect of compensating for the individual
deficiencies ‘oF the knowledge sources. Finally, the
proposed algorithm is used to assess the damage state of a
prototype 10-story reinfdrced concrete . frame structufe

subjected to simulated carthquake excitations.



LITERATURE REVIEW

Degree of Support and Doubt

The Shafer's representation is used herein to indicate
the degrée of support and doubt of a proposition . The
liklihood of proposition A is expressed with a subinterval,
[s(A);p(a)], of the'unit interval, [0,1]. The lower value
,s(a), represents the "support” for the proposition, while
the upper value, p(A), indicates the degree to which one
fails to doubt A. '"Support" may be Interpreted as the total
positive effect a body of evidence has on a proposition ,
while p(A) represents the total extent to which a body of
evidence fails to refute a proposition [8]. The degree of
uncertainty of A is the difference between the upper and the
lower probability valués (1.e. p(A)-s(A)).

For instance, if there is ho information abouﬁ A, the
Shafer's ‘representation becomes Apg,13 ; while Ay ,,; and
Aro,o1 indicate that A is true or false, respective]y@ A
partial support for A might be indicated by Arg.20,0.853
while Aro.30,11 expresses a firm support for A. Finally, a
partial support for A can be shown by A;g,0.e3.

Frame of Discernment

The frame of discernment, ©, is a set whose subsets are
propositions. When a proposition corresponds to a subset of
a frame of discernment, it means that the frame discerns

that proposition. This Is most effective when one is
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-concerned with the true value of a quantity. If the
quantity is indicated by & and the set of its possible
values by 8, then the propositions of interest are precisely
those of the form "the true value of 2 is in T", where T Is
a subset of ©. It should be noted that the "possibilities"
that comprise © will get meaning from what we know or think
wa know and it is not independent of our knowledge [9].

The primary advantage of this TFormation is that it
translates the logical notions of conjunction, disjunction,
implication, and negation into the set-theoretic notions of
intersection, union, inclusion, and complamentation.

Simple Beleif Function

It is assumed that a knowledge source, KS;, provides
evidential information about a set of propositions. this
information can be presented by a function, beleif functlion,
as follows: ‘

mJ : {A. IA[CG}_’ [0,1]

m;(¢)=0.0

& my (A ) =1
where A; are subsets of @ (l.e. A,CO)., The "basic
probability mass", m;(A;), represents a measure of the

belief . that KS; has committed exactly to propesiticn A;.
Therefore; m; may be visualized as a partitioned unit line
segment , and the !ength of each subsegment corresponds to
the mass contributed to that subsegment by KS; as shown in
Figure 1-a. The mass assigned to © is assumed to be

distributed in some unknown manher among the propositions



discerned by ©, In fact, m;(@) represents the residual
“uncertaihty" of the KS; directly. Once the masses assigned
to the propositions are obtaind, the evidential intervals,
[s(A)),p(A;)] can be determined directly.
The Totél support for proposition A; is given by the
sum of the masses assighed to A, and to the subsets of A;:
S; (A )= Zem; (D)
where D,CA;. The plausibility of A;, P(A;), is, on the
other hand, one minus the sum of the masses assigned to A,
and to the subsets of &,
P (A =12, m; (B,
where B,CA, . Conseqguently the uncertainty of A; }s
obtained by :
U; (A )=P; (A )-5,(A))

Dempster's Rule of Combination

Dempster [10] introduced a technique to <combine the
information as supplied by different knowledge sources. A
belief function which 1is constructed to represent an
eviderce can be combined with another bellef function,
representing another evidence, in order to pool the
information obtained from these two knowledge sources.
Dempster's rule deals symmztrically with the two knowledge
sources and does not depend upon the priority of either one
of them. The combination of two belief Ffunctions Is called
"orthogonal sum'", and it 1s illustrated with the unit square
as shnown in Figure 1. This figure shows how the +two line

segments representing m; and m, are orthogonally combined
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~and formed a unit square. In this square, for example, a
vertical stfip of measure m,(Ai)lthat.is exactly committed
to A; by KS; {(Knowledge source 1) and a horizontal stfip of
measure m,(B;) that Iis exactly committed to B; by KS,; are
shown. The intersection of these strips forms a square of
m, (A;Im;(B;) area which is Indeed a measure of belief in
A;NB;. Sometimes, a given subset of @, C, may have more
than one rectangle exactly committed £o it, thus the total
méss allocated to C is:

m(C)=3 m, (A;)Im,(B;)
Where A;NB;=C. There is the possibility oF. committing a
portion of mass to the empty set ¢. In fact every rectangle
committed to A;NB;, where A;NB;=¢, results in such =a
commitﬁent. The remedy Is to discard all such rectangles
and proportionally increase the size of the remaining
rectangles by the following factor:

N=[1-Sm, (A, )m,(B;) ]!
where A NB;=¢. Therefore, the total probability mass will
agaln have measure one.

The degree of conflict between two knowlegde sources
depends on the inverse value of factor N. Ths sﬁa}ler the
inverse value of N, the greater the :degree of conflict
between the knowledge sources. It is clear when the Inverse
value becomes zero, the orthogonal sum can not exist.

Combining Sevsral Belief Functions

Simply by repeating the rule of combination, any number

of belief functions can be combined. The process is as



follows:
Bel + Bel,
(Bel,+ Bely)+ Bels
({Bel,+ Bel,)+ Belz)+ Bel,
etc. |
It Is continued until all the Bel,; are included. From the

eguations, once again,it is recognized that the Dempster's
rule of combination is independent of the priority cf the

knowl edge sourceé(KSJ).



APPLICATION

In the preceding sections, the necessary rules and the
basic assumptions of Dempster and Shafer's theory were
summar i zed. It 1is desirable to appiy this thoery to solve
practical engineering problems. . Because the present
application is to determine the damage state of an existing
structure, the frame of discernment is the set of possible
states of damage . It is assumed herein that there are four

possible states of damage { S, L, D, € }, where S, L, D, and

C denote "Safe", "Lightly damaged”, "Damaged”, and
"Criticaliy dahaged”, respectively. Two features, namely
"slope ratio" ‘and "drift ratio", ére considered as the
damage state parameters. The information about ths

parameter values is presented in the Torm of parameter mass
distribution graphs such as those shown in Figure 3. These
curvas indicate the probabitity of any state of damage for a
given parameter value. To develope a damage parameter mass
distribution, information regarding the damage state of a
prototype structural frame, which had gone under a series of
successive dynamic tets is used. Then the information about
the states of damage of another dynamically tested
structure, is used to evaluate the developed parameter mass
distributions. It should be noted, in the foregoing
sections, that the terminologies "“training samples" and

"testing samples” refer to the informatlon used to develope
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and to test the parameter mass distributions, respectively.

Training Samples (Test structure H2)

Cecen [12],using the shaking table of the University of
IlTlinois , recorded the fesponse of a one-tenth scale and
ten-story structural frame subjected to a series of
simulated earthquakes. The simulated earthquakes were
patterned after the north-south bomponent of the
acceleration history as recorded In El-Centro during the
Imperial Valley earthquake of 1940. The test structure was
sub jected to seven successive earthquake test runs. The
base motion intensities ‘were incrementally increased with
each successive run.

Toussi and Yao [5,6] used the meseared acceleration
response histories to identify the Inter-story hysteretic
behavior of the test structure. Figure 2 shows  the
estimated hysteretic beshavior of the seventh floor of the
test stiructure during seven different test runs., The
exXistence of a "“soft-to-stiff" property in the structure's
behavior becomas more apparent as the structure experiences
larger deflections. |

Table 2, under the columns labled "slope", represents
the slope ratios calculated for each floor at different test
runs. The drift ratio is used as another measure of damage
[3]. Although there does not exist any effective device for
measuring the lateral displacement of existing high-rise
buildings, Toussi [4] has shown that it is possible to

obtain the displacement histories from the recorded
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acceleration responses. Using a proper filtering technique
to fllter out the noise in the acceleration response and
then integrating twice the filtered acceleration response
yleld the displacement response time-history. Table 2,
under the columns labled “"drift", also indicates the drift
ratios

The classification of the damage state of a floor of
the test structure H2 results from three different pieces of
information: comments and reports made by Cecen [12] who
tested and analysed the measured response of H2, the crack
patterns , and the hysteretic behavior of floors identified
by Toussi and Yao [4,5].

Recorded Response Histories

An Interesting feature of the response histories s
their flat, nonperiodical portlons' around the time t=2
seconds. These irregularities becoms more apparent after
the second run of the test structure. The fact that a
simllar irregularity 1is obsreved Iin the input motion
indicates that. this 1is an inherent characteristic of the
prototype base motion. The reflection of the irregularities
in the structure's response doesn't ‘appear untit the
structure becomes sufficiently softenad. The general
softening of the structure becomes more apparent as the
higher-moda vibrations take a more dominant role  on the
acceleration response histories for the later tests.

Cecen [12] indicated that the variation of the top-

level displacement and acceleration response with the
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spectrum intensity of the base motion had a clearly defined

linear form. Onlty the maximun top-level displacement,
measured at the Tast run, deviated from the 1inear
varlation. This observation may be Inferred as a

significant change Iin the behavior of the H2 frame during
the last run.

Since the variation of the maximum base and overturning
moment with top-level displacement (double amplitude/2) had
the same trends (with a vyield point corresponding to a
maximum top displacement of 16mm), it was concluded that the
structure was within the linear response range during its
first two runs,

From these observations and the reported changes in the
dynamic prbpertles of the H2 frame [12], the following
conclusions regarding the floor damage states are made. The
structure was safe after the first and the second test runs.
At the end of the third and forth, the structure was lightly
damaged. Wnile it was damaged during the fifth test run, at
the end of the sixth and seventh, the structure was visibly
unsafe.

Crack Patterns

Frem crack patterns and other observations by Cecen and
his colleagues, a brief description of crack develcpment is
Followed. During the first run, only shrinkage and other
minor cracks were developed and no major new cracks were
observed. The structure experienéed new cracks during the

second run and some of the shrinkage cracks opened up more
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(all the crack widths remained within 0.05mm). New cracks
déveloped during the third run and crack widths exceded
O.1mm (some flexuiral cracks were observed especially on the
base columns). The crack pattern practically remained the
same at the end of the fourth test run.

During the fifth test run, the structure experienced
few flexural cracks, which were mostly on the beam ends of
the forth thfough eight floors, and crack widths Iincreased
to 0.3mm . The sixth run created more cracks mainly on the
‘beam ends of the third, forth, and ninth floors. In
addition, a few cracks appeared on the tenth story and crack
widths were around ©.4mm. Finally, some spalling and
crushing of’concrete, at beam ends of the sixth and seventh
floors, were observed at the end of the seventh run.

Although there 1s no limit specifying the severity of
cracks, cracks within a range of 0.3 to 0.5mm are considered
as sever cracks and spalling and crushing of concrete are
the indication of the severest situation. Finally, cracks
within a range of 0.1 to 0.3mm are considered as moderate
cracks., Therefore, according to the above speciFied ranges
and the lccation of the concentrated cracks, the damage
state of floors are concluded and listed in Table 1 under
the columns labled "“C".

Hysteretic Behaviors

Figure 2 represents the inter—story hysteretic behavior
of the seventh floor identified by using authors' system

identification  technique[4-6]. Although there are
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restrictions on the applications of their technique [4],the
technigque is successful in the detection of the progress
from 1inear, tb slightly non—-linear, and finally to highly
non—-1linear behavior of the structure. Behaviors such as the
one shown in Figure 2-f may not be the indication of a
critical situation, it is reasonable to be used as an
indication of relatively damaged states.

The damage states of floors are classified accordingly:
a linear, semi—linsar, bi-linear, and unrecognizable load-
deflection behavior are respectively refering to a safs,

lightly damaged, demaged, and critically demaged structure.

Formation of Damage Parameter Mass distributions

Table 1 represénts the classes assigned to different
values of the slope and drift ratios. The <classification
was concluded from the information as furnished by three
different sources. A graphical representation of their mass
distributions with the levels of damage is presented in
Figurs 3. Since there does not exist sufficient number of
samples, a statistical calculation can not be made for the
determination of the form  of the parameter  mass
distributions. A trlangular mass distribution is selected
for its simplicity, and the area under each curve Iis
normaltized to to be unity. These curves possess the two
properties as’' follows. First, they show- the range of
variation of the propositions with the parameter values.
Second, for a given value of a parameter, each mass

distribution assigns a number; the number presents how much
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the parameter (specified with its numerical value) Is
believed to belong to that propositioh.

Testing Samples (Test Structure MF1)

The MF1 test structure was a one-tenth scale, ten-story
reinforced concrete frame which was dynamically tested at
the University of Il1linois [13]. The dynamic test procedure
included a series of strong base motions, simulating a
selected version of the north—south component of the EIi-
Centro earthquake of 19240. Healy and Sozen [13] described
their experimental work and presented the acceleration and.
displacement data recorded in three earthquake simulation
tests.

Toussi and Yao [4-6] appl ied their system
identification technique to the acceleration response
histories and estimated the Inter-story hysteretic behaviors
of floors as shown in Figure 4. The slope ratios [4] are
listed uﬁder the columns labled "siope" in Table 3. The
drift ratios [13] are listed in the same table but under the
columns labled "drift". These Information are used to
determine the most likely damage states of various stories
in the test structure.

From the developed damage parameter mass distributions,
a set of numbers is obtained for a given parameter value.
Then, by normalizing the resultant numbers to bring their
total sum equal to one, a set of'basic mass numbers" Is
computed. As mentioned earlier, there exists uncertainty

with any given Kknowledge soure. The uncertainty U of the
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knowledge source is considered through reducing each basic
mass numbers by & multiplication factor which is eqﬁal to
one minus U. This new ‘'set of mass numbers Is used to
represent. the contribution of the knowledge source to the
support of the proposition. Since there are two sets of
mass hnumbers for each floor (one obtalned for the measured
slope ratio and the other for the measured drift ratib) s
Dempster's rule of combination is ued to combine these two
sets. The results of this combination are used. to get an
underestanding of the degree of damage which occured to each
Floor during any one of the three successi;e test runs.

To evaluate the proposed algorithm, a similar proceduré
which was used for the classification of H2-frame floors'
damage states is also conducted for the MF1 structure. Then
a comparison between the results of this classificatlion and

these of the proposed alorithm is made to find how effective

and accurate the algorithm is.

Computation
The computation starts with the §onversion of the
measured parameters ( damage and drift ratios ) into a set
of probability numbers which specify the contribution of
each proposition (i.e. S, L, D, and ¢C) in the damage
ooccured to structure. Table 3 contalns the measured slope
and drift ratios of floors. Each  parameter  mass
distribution yields a set of numbers which by normalizing
the numbers to bring their sum to one, a set of '"basic mass

numbers” is obtained for each floor. This process is ,in
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fact, the computatioh of the prébability of each proposition
, Which is conditioned upon the measured parameter's falling
in the specifted range. Assuming an uncertainty of 0.3 for
SR measurement and an uncertainty of 0.2 for DR measurement,
the resulting mass functions are shown in Tables 4 and b,
respectively. Combining the corresponding mass functions
with Dempster's rule of combination vyields the composite
mass functions (Table 6). In this table ,the columns labled
"®" represents the uncertainty in the corresponding bellief
functions. To show how the above procedure was conducted,
the measured parameters of an arbitrarily-chosen floor are
taken and the calculation is followed step by step.

Example

The Knowledge sources have reported a stope ratio of
0.284 and a drift ratio of 0.035 for the first fiocor after
the second test run. The S, L, D,and C triangles as shown
in Figure 3 yield respectively 0.0, 4.6, 1.0, and 0.0 for
the estimated slope ratios; and 0.0, 0.0, 17.0 and 0.0 for
the estimated drift ratios.

Assuming an uncertainry of 0.3 in the SR measurement
and an uncertainty of 0.2 in the DR measurement , and
necrmal izing the obtained initial mass functions vield the
following mass functions:

mg,r(<S, L, D, C>)=<0.0, 0.57, 0.13, 0.0>

and

mg,{<S, L, D, C>)=<0.0, 0.0, 0.40, 0.4>
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Combining mg, énd mgr with Dempster's rule gives the
composite maﬁs function:
M., 4. (<S, L, D, C>)=<0.00, 0.22, 0.41, 0.24>

with a resulting uncertainty of 0.12. This combination is
illustrated in Figure 5 in which all rectangles attributed
to ¢ are shaded and the remaining rectangles labled with the
proposition recieving ﬁhat mass. These values are converted
directly to the folowing Iintervalls on the propositions:
Sto.00,0.121 » Lro.22,0.343s Dro.41,0.581s Cro.24,0.361-
From these intervals , it Is inferred that the first floor

has sustained a mcderate level of structural damage.
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CONCL.USION

Results as listed in Table 8 Indicate that five out of
twenty five cases of damage assessements made by using the
proposed algorithm are 1ikly to be incorrect. A twenty
percentage error is acceptable considering the fact that the
lack of suF;Icient samples did not permit an effective
statistical analysis for the detérmination of the damage
parameter maés_distrtbution to be made. Moreover, only two
features are used herein. In practice, there are usually
other . features available For damage assessment of existing
structures., |

The most significant feature of the algorithm is the
consideration of the different pieces of information in a
simul tancus Tashion. No priority is given to any source of
knowledge. and, consequently, not any iteration procedure is

heeded for updating process.
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1st Run 2nd Run 3rd Run 4th Run 5th Run 6th Run 7th Run
R Cr I F cr 1 F R ¢ T F R Cr I F R Cr I F Cr I Cr I
lst Floor S § S § L.5$55 LD L L LDP» LL DD LD D C c *
2nd Floor s 8 5§ 8 L S S L b L L L D L L D D L D D c C *
3rd Floor S 'S S 5 L 1. L. LY.L L L L L DD LD CC D c *
4th Floor S § § 8§ L L L LL L. L LL LL B C DD ¢ C cC ¢
5th Flooer S 8§ 8 5§ L DL L L L L L L LL DC DD P D c c
6th Floor S 8 S S L D L L L L L L L L L D C D D D D c c
7th Floor § 5§ § 8§ £ L1 L L. L.L Lt LL DC DD COD D c ¢
3ch Floor s S S S L L L L L L L L L L L D C c C cC o D c [
9th Floor S S S 8 L 5 § L L L L L L L L D D c ﬁ C C C c
i0th Floor s S8 s 8 L 8 S L L L L L L L L D D ()] D c Cc Cc
TABLE l: Damage state Clasgification of H2-Frame Floors for Seven Test Runs

Note:

"R" - response histories, "Cr" - crack patterns,
hysteretic behavior, "F" - final decision from R, C, and I

(majority rule)

gt

- no response available.

"I"

¢z



18t Run nd Run 3rd Run 4th Run Sth Run 6th Run 7th Run
Slope Drift Class Slope Drift Class Slope Drift Class Slope Drift Class Slope Drift Class Slope Drift Class Slope Drift Class
1st Floor 1.0 0.0 s 0.286 0.0 S 0.30  0.004 L 0.230 0.004 L 06.083 0.069 i3 ? 9.013 z * 0,038 c
2nd Floor k.0 0.6 s 0.412 8.004 3 9.25  0.002 L 0.215 0.60¢ L 8.25¢0 0.017 D 4 0.026 c * 0.052 [~
ird Floor 1.0 0.004 s 0.375 0.004 L 0.375 0.009 L 0,450 0.009 L 0,160 0,017 B 9.205 9,026 [ » 0.05? c
4th Floor 1.0 0.004 s 0.364 0.009 L 0.224 0,013 L T 0.013 3 ? Q.022 D ? 0.071 ) 0.0 0,039 c
5th Floor 0.370 0.004 8 0.333 0.009 L 0.350 0.012 L .200 0.017 L 9.174 0.022 D 0.146 0.039 ] 7 0.048 c
6rh Flaor 1.0 0.004 s ? 0.009 L 0.250 0.009 L 0.198 0&.009 L 0.274 0,017 D 0.118 9,031 D t 0.039 C
7th Floor 1.0 0.005 s 0.286 0.013 L €.210 0.013 L 0.200 0.0L3 L 0.114 0.017 D 0.0 0.022 2 0.0 0.035 €
8th Flecr 1.0 0.004 s 6.210 0.009 L ¢.200 0.013 L ? 0.013 L - Q.07 [ 0.24 £.022 D 0,0 - 0.031 <
9th Flsor 1.0 0.008 s 0.4k7 0.008 - ? 0.011 L 1 2.011 L T .03 D 0.0 9.017 < 0.0 0.028 €
10th Fleer .0 ¢.003 s 0:333 0.005 s 0.173 0.006 L 1 {1.006 L 1 0.00% 1] 0.0 0.013 < c.0 0.17 c
TABLE 2: Slope and Drift ratios of Test Structure HZ
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1st Run 2nd Run 3rd Run

Slope Drift Slope Drift Slope Drift

lst Floor 1.00 .017 0.284 0.035 0.065 0.043
2nd Floor 1.00 .015 0.304 0.030 0.144 0.036
3rd Floor 1,00 0.017 0.308 0,039 0.136 0.043
4th Floor 1.00 0.009 0.273 0.023 0,161 0.036
5th Floor 1.00 0.010 0.50 0.009 0.205 Q.007
6th Floor 1,00 0.008 0,57 0.033 0,125 0.053
7th Floor 1.00‘. 0.009 0.406 0.017 ? 0.023
8th Floor 1.00 0.003 0.579 0.008 ? 0.015
9th Floor 1.00 0.006 0.27 0,010 ~?  0.024
10th Floor 1.00 0.003 ? 0.009 7 0.006

TABLE 3: Slope and Drift ratios of Test

Structure MFIl.
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1st Run 2nd Run 3rd Run

8 L D C s L D C S L D C
lst Floor .70 0.0 0.0 0.0 6.0 0.57 0.13 0.0 0.0 0.0 0.17 0.533
2nd Floor .70 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.11 0.42 0,17
3rd Floor .70 0.0 0.0 0.0 0.02 0.68 030 0.0 0.0 0.09 0.37 0.24
4th Floor .70 0.0 0.0 0.0 0.0 0.47 0.23. 0.0 0.0 0.12 0.43 0.15
5th Floer .70 0.0 0.0 0.0 0.70 0.0 0.0 0.0 0.0 0,22 0.48 0.0
6th Floor .76 ¢.0 0.0 0.0 0.70 0.0 0.0 0.0 0.0 0.06 0.33 0.31
7th Floor .70 0.0 0.0 0.0 0.16 0.54 0.0 0.0 0.0
8th Floor .70 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0
9th . Floor .70 0.0 0.0 0.0 0.0 0.47 0.23 0.0 0
10th Floor .70 0.0 0.0 0.0

TABLE 4: Mass Functions calculated for Floors' Slope Ratios.
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Ist Run 2nd Run 3rd Run

] L D C S L D c 5 L D c
ist Floor 0.0 0.44 0.27 0,09 0.0 0.0 0.4 0.4 0.0 0.0 0.25 0.55
2nd Floor 6.0 0.49 0.24 0.07 0.0 0.0 0.45 0.35 0.0 0.0 0.40 0.40
3rd Floor 0.0 0.44 0.27 0.09 0.0 0.0 0.39 0.41 0.0 0.0 0.25 0.55
4th Fldof 0.06 0.48 0.20 0.06 0.9 0.30 0.35 0.15 0.0 0.0 0.40 0.40
5th Flioor 0.07 0.49 0.20 0.04 0.06 0.48 0.20 0.06 0.31 0.31 0.14 0.04
6th Floor 0.06 0.47 0.18 0.09 0.0 0.0 0.44 0.36 6.0 0.0 c.0 0.8
7th Floor 0.06 0.48 0.20 ‘0.06 0.0 0.44 0.27 0.09 0.0 0.30 0.35 0.15
8th Floor 0.67 0.09 0.04 ~0.0 0.07 0.47 0.18 0.09 0.0 0.49 0.24 0.07
9th Floor 0.46 0.23 0.09 0.02 0.07 0.49 0.20 0.04 0.0 0.28 0.36 0.16
10th Floor 0.67 0.09 0.04 ~0.0  0.06 0.48 0.20 0.06 0.46 0.23 0.09 0.02

TABLE 5: Mass Functions calculated for Floors' Drift Ratios.
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1st Run 2nd Run 3rd Run
s L ) C 0 S L D c 0 S L D c 0
lst Floor 0.26 0.26 0.1l 0.06 0.11 0.0 0.22 0.41 0.24 0.12 0.0 0.0 0.19 0.73 0.08
2nd Floor 0.32 0.34 0.16 0.05 0,14 0.0 0.30 0.33 0,23 .0.14 0.0 0.03 0.55 0.33 0,09
3rd Floor 0.26 0.26 0.11 0.06 0.11 . 0.00 0.33 0.26 0.27 0.14 0.0 0.03 0.35 0.53 0.09
4th Floor 0.42 0.28 0.12 0.04 0.12 0.0 0.48 0.36 0.07 0.09 0.0 0.064 0.56 0.31 0,09
5th Fleor 0.41 0.31 0.14 0.02 0,12 0,41 0.29 0.13 0.04 0.13 0,16 0.35 0.37 0.02 0.11
6th Floor 0.34 0.23 0.08 0.05 0.10 ©0.32 0.0 0.30 0.25 0.14 0.0 0.02 0.10 0.79 0.09
7th Floor 0.42 0.28 0.12 0.04 0,12 0,04 0.71 0.12 0.04 0.09
8th Floor 0.90 0.03 0.0l 0.00 0.07 0.42 0.29 0.10 0.06 0.13
9th Floor 0.78 0.08 0.04 0,01 0.09 0.03 0,65 0.22 0,01 0.08
10th Floor 0.90 0.03 0.01 0.00 0.07

TABLE

6: Composition of

the Mass Functions of HZ,
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ist Run Znd Run - 3rd Run

R ¢&r 1 F R Cr T T R Cr I

lst Floor L L 5 L L D D D cC C D

2nd Floor L L § L D D D D cC C D

3rd Floor L § §s $s DL L L € C D

4th Floor L § s s b=L LL DC D

Sth Floor L § S S L L L L D C D

oth Tloor L 8§ S S DL L L € C D

7th Floor .. 8 S 8 D L L L b C C

8th Floor L S S S L L L L DC C

9th Floor L S S § L L L L D C C

10th Floor L. S 5 8 L L DUL1T DC C

TABLE 7: Damage State Classification of MF1.

YA



1st Run 2nd Run 3rd Run

Algori- Classi- Algori- Classi- Algori- Classi-
thm fication thm fication thm fication
S L D D c c
L L D D D C
S S L L C c
S S L L D D
S S S L D D
S S D L c C
s S L L ¢
S 5 S L C
S S L L C
S S C

TABLE 8: Comparison Between Results
Ohtained by the Algorithm
and the Classification.
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Dempster's Rule of Combination
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