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[. INTRODUCTION

PROBLEM STATEMENT

The ailitary forces of the United States use a great nuaber of shallow-
buried reinforced concrete protective structures for a variety of purposes.

As such, inforaation used in estimating or determining the survivability and
vulnerability (5/V) ot these structures is needed to evaluate structural
satety and reliability. The quantity of data available on which to base a
study of the responses of shallow-buried structures to blast effects is very
limited. Thus, the investigation into the §/V of these buried structures has
depended primarily on conventional explosive airblast siaylation techniqueslgn
order tu develop a data base. )

Figure | is a acaled representatior ot the shallow duried structure
probles. Again, the issue in this problea iz the ability to estimate the
survivability of the buried box to the conditions imposed by an extreaes
environaent, such as those induced by an iapulsive blast 104d. 1f we take a
closer look at the S/V problea definition, we see that the idea ot S/V
analysis involves the question: MHow well will the structure continue to
function (survive) in a blast environaent? By studying this question, we
begin to envision the diféiculty of the analysiv procass, For instance, how
does one go about applying engineering quantities to such terms as
*tunctionality remaians good,” or *poor blast cesistance,® which obviously
iavolve degrees or levels of intorsation that are sudject to opinion,

The problea is coaplicated by the #act that the information aeeded to
aske an estimate with high confidence is incoaplete and involves many
uncertainties. Evaluation of the situation bectoaes even sore difficult when
one realizes that the uncertainties encountered include both randoa and
noarandom kinds of data. For instance, very little 1s known about the eiémscts
of sodern weapons on an operational facility which is occupied by people, and
which contains sensitive, technologically Coaplex equipment, Uncertainties
such as aebiguities in eyplosive effects, variability in aaterial behavior,
and threat scenario could be classified as rantoe uncertainties. 0On the other
hend, linguistic data, subjective judgaent, and ieprecise inforeation are
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Figure 1. Shallow buried protective structure.




typical examples of nonrandom uncertainties for which the sample space is not
well defined and the mean and variance are not meaningful.

From the previous discussion, we conclude that the assessment of damage
to any structure, from any extreme disturbance (blast/shock, wind, earthqguake,
etc...) is a difficult process in which human judgment plays an important
role. This is especially true of protective structures., They are usually
heavily reinforced and yet may be subjected to very severe if not total
failure levels. Therefore, because of its inherent dissimilarity with typical
civil-engineering-type problems, we cannot rely on past experience in the area
of damage assessment with any confidence.

Because of a lack of complete understanding of the real problem, in the
past the typical analysis of the damaged structure would simply be assigned to
one of two groups -- survival or failure. If we take a closer look at the
problem, however, we see that it is not a two-class problem, but a continuous
one. To illustrate, 2 damaged element in a protective structure is shown in
Figure 2. The evaluation for slight, moderate, and severe damage differs
among experts; but, more importantly, there is overlap between different
leveis., It is this lack of crispness (or inherent fuzziness) in the problen
that causes difficulty; first, in determining the damage level, and second, in
deciding on an acceptable level of damage.

Even when we assume several gray levels between no damage and total
failure, there exists possibilities for misinterpretation. The reason for
this is that the process of damage assessment is a cause and etfect analysis,
The "cause" usudlly involves engineering quantities (overpressures, etc...),
while the “effect* involves less crisp subjective information in the areas of
functionality and repairability of the structure. In other words. no matter
what the cause of the damage, the resulting danage level chosen is susceptible
- to varying expert opinion and is highly dependent on the particular observer,
Sutjective information of this type resides in the minds of experts who have,
aVer'time, accumulated much experience as to the effects a given loading would
" praduce. And, although there is objective information available to the expert
{enginser or scientist) in the forw of test -Jata and model simulations, the
qﬁestion of survivability resides in the minds of the experts. Thus the
quilzty of the assessment process is highly dependent on an expert’s knowledge

of the actuel situation under study.
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DBJECTIVES AND SCOPE

The discussion in the previous section was provided in order to introduce
the reader to the averall problem of S/V assessment. From this discussion, it
can ba concluded that the process of damage assessment can be divided into two
subsets: damage descriptors and damage levels. Damage descriptors may be
either numerical engineering quantities or subjective linquistic information;
in either case, they are used to describe the second subset. Damage levels,
on the other hand, involve such concepts as structural integrity,
functionality, and repairability of the structure and the deqrees to which
they have been atfected. The purpose of this report is to study the
teasibility cf incarporating the information outlined above into 2 damage
assessment code in the form of a rule-based expert systea. The title of this
expert systea has been designated DAPS, which stands for Damage Assessment of
Frotective Structures.

More specifically, tha abjective of this report is to develop a framework
by which the cancepts and~in€nrna§lon developed pre?iously3may be converted to
a working computer code. This éramawork is to include the coding of
inforeation whether it be in the fore of expert opinion, enginesring judgment,
digital waveforas, eté.... é#nd to develop a sethod for the efficiont retrievsl
ot this inforsation for use in an expert systemn, The expert systee wiil
combine numeric as well as nonnumeriv infgrnation and will osploy the recent
theory o4 furay set logic to quantify, cosbine, and interpret linquistké
damage destcriptors,

In a broader sanse, this work is part of a auch larqer projezt in which
the Air Force is attespting to laprove the methods and procedures used within
the fieid of information msanageapnt., In particiiar, the Air Force is
interested in iaproving five specific aress ralated to structural dynamic
tests: tost design, data acquisition, data processing, data analysis, and data
storage. The scope of the work in this report falls into the category of data
dnalysic, Uses envisioned for the expert systea which is developed include
the following: design, prediction, diagnosis, and interpretation, as well as a
training aid for engine2rs new to the field.




SUMMARY

In order to make this oroject manageable, the scope of work was narrowed
to include only one specific case of the protective structure scenario. In
particular, the data base for this study comes from a series of eleven
eiperimental tests which were performed on buried reinforced concrete boxes
subjected to explosive pressures. The knowledge base for this work comprises
c-isp dava i the form of instrumentation waveforms and linquistic data
obtained from experts through guestionnaires based on the ‘eleven tests.
Measured data come from active or passive measurements and can be considerad
as hard (objective) data. Visual imeges and linguistic assessments froam
expert opinion form what will be called the soft {subjective) data., The ternm
"soft data® is chosen since it is subject to individual judgment and not
readily quantifiable (even though it may contain substantial intormation
pertaining to the prohlea),

In Section [] the eleven tests representing the knowledge base will he
reviewed. The objective and subjactive information outlined above will be
thoroughly examined in Secti~» IIl along with the procedures used to obtain
and evaluate them. Ir Section IV, introductory material on expert svsteas and
futry logic wii! be discussed. Th. procedures used to aggregate and coabine
the information desc-ibeu in Section 11: wili also be presented, along with
the structure of the DAPS code, Cection V contuins an exasple session using
DAPS. Finally, Section VI contains a suemary and the conclusions of the work
peréoraed tn assuciation with this report, :long with recoamendations for

future work.




II..THE BURIED BOX STRUCTURE

EXPERIMENTAL TEST SERIES BACKGROUND

Experimental work on reinforced concrete structural elements subjected to
short-duration impulsive loading is limited (Ref., 2), The lack of
experimental data and the need for improving current S/V analysis procedures
ot shallow buried structures (SBS) led to the creation of the SBS Test Program
at the US Army Engineers Waterways Experiment Station (WES) in Vicksburg,
Mississippi in 1978,

The SBS program was initiated at WES in order toc deteraine the magnitude
of the overpressure that would cause collapse of a structure. Since 1978, the
WES has tested B89 one-way slab and box structures subjected to dynamic loads.
All test programs were associated with the investigation of the behavior of
$lat-roofed, shallow buried structures subjected to short duration (less than
3 ms), high overpressure (greater than 2000 1b/in®) loads. By compiling the
inforaation obtained from these tests (design parameters, analytical results,
and test results), a common structured data base could be established for use
in characterizing concrete slab behavior under severe loading conditions.

Early tests demonstrated that the ability of these structures to resist
highly impulsive loads was noramally controlled by the r-sponse of the roof
slab, and that, typically, the slab failed in a ¢lexural mode. HMore
interestingly, howaver, it was found that direct shear failures could be
induced in the structure by a suféiciently high overpressure which had a very
short rise time and duration.

Observations of structural failures resulting from the Foam HEST (High
Explosive Siaulation Technique) Test Series (Ref. 3! established the need to
develop dynasic shear failure criteria. Thus, a series of eleven tests,
sponsored by the Department of Detense, was counducted in 1981 and (982 on one-
way reinforced concrete box structures. The objective of these experiments
was to investigate possible shear fallures resulting ¢roe highly iepulsive,
uniformly distributed pressures., 0f particular interest in these tests was
the response of the roof element (length-to-depth ratiocs between 7 and 10) of
the box structure near the walls (i.e., regions of high shear stress), Also
of interest in these tests was the ductility of the structure associated with
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dynamic shear failures and the ability to document the response of the

structure with high-speed photagraphy.
TEST DESCRIPTION AND CONFIGURATION

The eleven dynamic shear tests were conducted using 1/4-scale reinforced
concrete box structures with no end walls. The confiquration for the tests
conducted at the WES is shown in Figure 3. As can be seen in Figure 3b, each
of the test elements was placed in a buried reaction structure and then
tovered with a shallow layer of soil. A foam HEST charge cavity was placed
between the soil berm and the soil covering the concrete structure. When
detonated, this HEST charge provided the high~intensity blast pressure to the
test specinen.

The eleven tests are cateqorized into three groups as shown in Tables |
and 2. The #irst gqroup is composed of the five tests conducted in 198!, while
the second and third groups are cosposed of the six tests conducted in 1982,
Each of the tests was identified by a consistent system 0f notation. The 198!
tests were given the designations DS! thru DSS, while the {982 tests were
designated DS2-1 thru DS2-4. As al) information and data relating to these
tests is labeleo in this manner, this same notation is adopted in this report.

Al]l elements in the test series woere similarly designed and coastructed.
Dimensions and reinforceaent patterns were the same in ail roofs, walls, and
tloors and are shown in Fiqure 4. The slabs had equal percentages of tension
and coapression reinforceaent and contained closely spaced stirrups
throughout,

The major variations asong the groups of tests were the span-to-thickness
ratio and the reinforcing ratio, Properties that did not vary within test
groups included overall dimensions, fabrication scheme, s0il cover depth,
design concrete strength, and design steel strength. MHaterial and qeometrical
properties for each of the tests are listed in Tables | and 2, respectively.
Note that the concrete strengths were denoted as averages of cylinder
strengths at or near the date of testing.

Although the design locad (charge density) was the sase for soee of the
tests, varjations among the tests included peak pressure along the slab, rise
time tp peak pressure, and decay characteristics of the pressure pulse. Load

parameters for each of the tests are shouwn in Table 3.
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TABLE 3. DYNAMIC SHEAR TEST LOAD PARAMETERS

Charge Average peak
Element Group density, overpressure, Rise time,

1b/in® 1b/in? ms
DSl 1l 1.37 4000 0.05
Ds2 1 1.83 4700 0.05
Ds3 1 0.91 3300 0.07
DS4 b 1.37 3500 0.05
DssS 1 1.83 5000 0.10
Ds2-1 2 2.29 6000 0.05
DS2-2 2 1.83 6000 0.10
Ds2-3 3 1.14 3200 0.05
DS2-4 3 2.29 6000 0.05
DS2-5 3 1.60 §500 0.10
DS2-6 3 1.14 4000 0.05
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AVAJLABLE EXPERIMENTAL DATA .

Information deemed important for structural response analysis prior to
the testing of the structures included the following quantities: airblast
pressure, interface pressures, active and passive strains in the longitudinal
reinforcement, soil stress, accelerations {tests DS3, DS4, and DS3 only), and
slab deflections. In order to acquire these data, the tests were instruamented
as shown in Figure 3.

The blast pressure gages measured the actual pressure generated by the
foam HEST charge, whereas the intertace pressure gages measured the pressure
transterred from the soil! layer abaove the roof to the roof slab (i.e., the
actual load the slab “"feels“), Active strain gages on the steel were used in
all tests to measure compressive and tensile stresses in the roof slab,
whereas a passive measure of ductility was obtained by scoring the rebar at
specific intervals along the length prior to load application, Finally,
deflection profiles aof the underside of the roof slab element were obtained
through the use of high-speed photography.

A complete suemary ot the digitized data recovered #rom the eleven tests
can be found in (Ref, 2). In general, the recovered data for airblast
pressure, intertace pressures, accelerations, and deflections were qgood.
Unfortunately, some of the data were “clipped” at very early time because of
extreae gressures, were subject to recording noise due to very high
frequencies, or were laproperly digitized because of calibration errors., Due
to these circumstances, soae of the data lactive strain for example) were
found to have only lieited use or increased uncertainty,

Decpite these limitations, howaver, auch of the data were discovered to
tontain very useful information pertaining to the structural response of the
reinforced concrete box. [n the next section, the experimental inforaation
used for this study will be discussed. The subjective tounterpart to
experimental information in the form of expert opinion will also be described
in Section III.
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III. ANALYS1S OF . SUBJECTIVE AND OBJECTIVE INFORMATION

OVERVIEW OF DAMAGE TO CONCRETE BOXES

In order to have a complete understanding of the buried protective
structure problem, a description of the damage sustained by the test eleaments
is presented. Following this, a brief outline of parameters aftfecting the
dynamic behavior of the structure’s response is given. By first previewing
this informsation, it is pussible to proceed to the more important topics of
subjective data and cbjective data used to qualify and quantity modes and
levels of damage.

Photographs of the eleven tests are shown in Appendix A, Since the
original purpose of the tests was to study direct shear #ailure under very
high overpressures, it was only natural that the sajority (7 of 11) of the
tests were subjected to cosplete collapse of their respective roof element,
whereas only tour concrete test boxes were loaded to noncollapse levels.
Although four of the eleven test eleaents did not coapletely collapse, it has
been reasoned that al) boxes failed initially in a shear or shear-tlexure aode
(Ref, 4), However, upon inspection of the posttest photographs, the variation
in post-failure damage is found to be fairly large.

As was predicted prior to the tests, several of the specimens failed in a
direct shear node. Inspaction of elemsent D53, tor exaaple, reveaals that the
rooé siab was coapletely soevered froa the walls of the structure along nearly
vertical tailure planes, Approxisately 80% of the principal reinforcesent was
broksn 3long these two faces, together with slight necking down of the
reintorcing dars. The resainder of the reinforcing bar~ were pulied out of
the root supporting wall during failure., Inward transiations of the tops of
the walls were 3 to & in ¢roa the vertical. Considerable cracking was noted
along the base of the structure, as well as 4t the intersection of the wall
anyd the base slab. Most of the concrete in the root slab which fel]l was found
to be crushed and easily cruabled eicept in the aiddle third ot the slabd.

In 3 slightly different scenario, inspection of test eleament DS2-}
indicates that all reinforcing bars along the west wall (see Figure A-7 in
Appendin A) were coapletely severed along a near vertical surface, as in DSS

above. Unlike D55 though, the east tailure plane was no® this saee type.
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Failure obviously occurred along the west wall first, followed by rotation and
reinforcement pullout along the east wall until collapse. This asymmetric
failure could have been caused by a nonsymsetrical load, and/er poor
workmanship during construction.

Tost elements DS3 and DS2-5 represent cases in which the structure
sustained severe to very extensive damage but had enough residual strength to
resist cosplete collapse. Peraanent deflections of 10 and 12 in for test
elements DSI and DS2-5, respectively, were recorded. 1In both cases, large
vertical offset labrupt edge displacemsent) and sharp rotation of reinforcing
steel at the slab/wall interface, indicate an initial shearing action. While
the more heavily loaded D52-S is curved throughout its span, the smiddle third
of test element DSJI remained relatively #lat., Note also the large inward
translations of the tops of the walls in element 052-5. The concrete cover
was broken up aver the entire span, and virtually all the concrete cover on
the underside of slab 052-5 spalled c#é, exposing the principal reinforzing
steel. Siailar damage can be seen in the DSI element but not nearly to the
cane degree. Perusal of the load paraasters in Table 3 shows that the root
elesent of test DS3 was loaded to approxiaately 2000 ib/in? less than the 0S2-
S element, Thus, by inspection, it can be seen that these two tests responded
similarly; but the late-tise impulse in the #irst case wxas not enough to éorce
it to the saee level of damage as in the second case,

Observations of test elements D52-5 and DS2-3 show instances where the
level o¢ damage attained was only slight to soderate when cospared to the
tests discussed previously., Permanent deflection is 3 to 4 in for each
speciaen., Note again, the response of both vé the structures appears to be
predoainantly shear, as can bde seen by the vertical ofé~et of the roof slab at
the slab/wall intertace. The slabs remained relatively ¢lat with soee
cracking on the underside of their central portions. Host of the cracking ang
crushing ot the concrete appears in the region within a distance equal to the
slab thickness ¢roa the will.

PARAMETERS AFFECTING DYNANIC RESPONSE
The response of slabs u-der dynamically apolied loads is a tunction ot

the load eagnitude and distribution, slab characteristics, and boundary

conditions. Thus, because Of the coaplicated interaction of variables
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involved in slab behavior under simulated hlast overpressures, there it no
simple way to predict modes of structural response. Therefore, before
proceeding with-an investigationln{ soft and hard data that are available for
describing aodes of response, a brief overview of par-ameters affecting
structural behavior is warranteg. )

in studying the response of these stru.tures, it is important to have an
idea of whether shear or flexure typicaliy controls response, and how and when
shear and flexure each attain their failure levels. The term failure is
defined here as the point at which the concrete element reaches its ultimate
tapacity (either in shear or in flexure), 1[It is also important to note at
this time that failure in a given mode does not imply collapse of the
structure,

It is known that, under rapid rates of loading and strain, the apparent
naterial strengths of both steel and concrete are significantly increased, as

shown in Figure &6, Because of thig, the determination of the dynamic ultimate

2.6 T T T T Y T
Effect of strain rate on strength of
ol o 2.4} concreie, steel, and aluminum
3l 3
|
oo
»lp
#la 2,20 - .
I3 Concrete we—mmm——p
olg
5|8
Hinw 2.0F
o o
al o
Mo 1.8
ol @
v
| bd
wl o
olg Ll.6p
|
Ew Y
o
|
R Y
o
i
3
1.2 ”"./ e o
Z _,.u-ﬂc::Aluminum
q.——v“‘/.
1.0 el casnnstR | | ] L

10057 10"% 107 107f 107 1 10 100
Strain rate

Figure 6. Dynamic strain rate effects on strength of
concrete, steel, and aluminum (Ref. 5V,
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capacity of a merber is a difficult task. Therefore, in the case of an
impulsive blast load, it is especialiy important to undersiand the effects
induced by changes in strain rate in order to predict, design, and protect
against failure.

Ross (Ret., 4) used 4 viscoelastic Timoshenko beae to study the effects of
load rate on incipient elastic failure at slab supports (assuming that one-way
slab response ir similar to that of a bear). More specifically, he studied
the combinalion of conditions which were necessary to produce either direct
shear or +lexure failure and their relative likel.hood of occurrence. His
tindings includwd the fact that shear forca tands to be amplified more than
bending moxent in early time (less than 1| ms) because of strain rate effects,
His findings incicate that time to failure in shear is significantly decreasad
when strain rate effects are included, thus predicting shear dominance aver
flexure in early tiae.

Ross also studied the garly~time response effects of load parameters,
beamn end restraint, and length-to-depth ratios under the same types of
impulsive luad ¢onditions. Excepting load duration, all parameters were f~und
to have sone effect on the response nt the structure., Direct shear failures
precede flexural fallures at sarly time for certain coebinations of
parameters, Failure curves were p-oduced which related two of the aost
significant load paraseters, peak pressure and rise time, to beaa paraaeters.
Typical curves are shown in Figure 7 for slabs with paraseters in group 3 {(as
given in Tables | and 2), Note that points falling abuve the fajilure curves
correspond to direct shear tallures and points below the curve correspond to
tlexure failures. By comparison with the actual range of conditions
experienced in the test series, it was observed that peak pressure and rise
time have the largest etfects on failure sode,

Another dynamic phenomenon related to the buried bores is pointed out at
this time, Actual testing of i(he reinforced concrete buried boxes showed that
previous analytical sethods had severely underpredicted the actua! strongth of
these structures, After studying the pressure gages located at the soil/roof
fnterface, it was disc.vered that sijnificant late time (greater than | as)
trantferral of pressure froa the flexible central portion of the ruot to the
more rigid supports was taking place, This is due to & phenomenon known as
soil arching, Basically, soil arching is the ability of a soil to transfer
loads through & system of shear stresses fros one location to another in
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response. to a relative displacement between the locations. Although the
effects of soil arching are usually neglected when the depth of burial is less
than the clear span of the roof, its effects on late-time interfdce pressure
distribution over the slab length can be rather significant, Although the
arching phenomenon does not influence early time incipient failure conditions,
it can be a significant feature to consider in late time, it there is a

sufficient interface impulse to cause collapse.

SUBJECTIVE INFORMATION

Obtaining Expert Opinian

As aentioned in Section I, the assessment of damage to a structure may be
a combination of both subjective and objective information, as seen in Figure
8. In this report, the term subjective information is meant to describe
information that resides in the minds of experts in a particular field who
have, over time, accumulated in-depth knowledge in their subject-field.
Judgrent of this type is used otten i1n engineering evaluations, especially to
compensate for sparse data and for extrapolation outside a given data range.

For this study, the engineering judgment was obtained by polling experts‘
in the area of structural dasage. &k questionnaire concerning the dasage to
the root element of the 1] test structures described previously was mailed to
60 structural enqinocrslacross the United States (35 responded), The
questionnaire contained posttest photographs (see Appendix A) of all the test
eleagnts. .

The purposes of the questionnaire were threetold. First, it was hoped
that intorsation obtained ¢ros the questionnaire could be used to help
deteraine how experts arrive at their evaluations of conceptually difficult
probleas, The second purpose was to determine how or why their answers were
the sane cr diffarent, The third purpose was to deteraine if it is possible
tc aggregate these assessments into a single data base.

The torsat oé the questionnaire was quite siaple. For each picture, the
expert was asked two questions dealing with the damage shown:in the given
picture. First, "Nhat is {are) the mode(s) of response of the roof eleaent?";
and second, “What is the degree of damage to the roof in that aode?" Along

with their responses to the two questions, the experts were asked to provide
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their reasonings to substantiate their answers. The first question was
designed to be qualitative in that linquistic responses were expected.
Acceptable answers might include “direct shear,* or “flexure followed by
tension membrane," etc. The second question was intended to be more
quantitative in content (example: slight damage = 1/10, or total damage =
10/10), although linquistic answers with appropriate explanations were also
acceptabie.

The questions asked of these experts were relativaly vague in content and
were designed as such in order to avoid anv built-in bias on the part of the
author. Uncertain wording of the questions allows the expert to interpret the
neaning without external constraints forcing his judgment and allows the most
information to be derived frum a single question., On the other hand, inherent
vagueness within a question also increases the possibility of confusion and

noncoaprehension.

pnalysis of Expert Opinion

flne of the main probleas encountered with the analysis of the
questionnaire was the difference of opinions expressed in their reasoning by
the experts. Varying backgrounds imong the experts is on¢ possible
explanation, because some of them were familiar with the experimental test
series and some ware not. Thus, sose of those intarviewed had unfair insight
into the questions asked. A secund probles encountered when analyzing the
responses was the interpretations of asbiquous technical and linguistic teras,
such as “"severely damaged,“ or “deformation near wall is saall.* Another
problea was associated with a lack of information. Some of the experts were
hesitant or confused in their rosaonsil simply because specific information on
structural parameters, functionality issues, or repairability probleas were
not provided to thea.

Besides the large asount of raw data obtained, other positive aspects
were ascertained froa the questionnaire. First of all, it was discovered
that, in general, enxperts were comfortable in giving their opinions even
though the pictures subaitted to thea were poor quality and the information
was incosplete. Secondly, sany of the experts were able to predict the actual
thronology of events leading to deforaation and/or failure using only visual
data.
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Having considered the initial impressions.of the experts’ responses, the
most important questions that might be asked next are, "What do we do with all
this raw information?", and "How do we decompose it into knowledge that can be
implemented into a computer code?* As pointed cut above, the greatest
difficulty arises when we examine the data and discover the variety of
linguistic terms put forward by the experts and the wide variety of images or
situations these terms describe. Initially, some confusion arises in trying
to decide whether different terms represent different explanations, or if they
are using different terminology to describe the same concept. For instance,
some of the terms used to describe a shearing action include: shear, punching
shear, pure shear, direct shear, vertical shear, edge shear, and sliding
shear,

After caretul analysis of the data, however, it became obvious that these
problems are somewhat superficial and that there was a tendency (whether
conscious or unconscious) on the part of the experts to break their reasoning
up into smaller compecnents of the problea. For instance, on the topic of
damage level, the experts tended to place their reasonings into one of three
categories; structural integrity, functionality or use of the structure, and
repairability of the structure. Typical responses given for "slight,"
‘apderate," and “severe' damage levels appear in Tables & through &é. As can
be seen fros the tables, most experts grouped their reasoning into the
ctateqgory of structural integrity. This is understandable, as they were given
no information other than the photographs and thus relied heavily on the
structural portion of their intuitive knowledge,

On the subject of modes of tajlure, further investigation revealed that,
within the category of structural integrity, the experts tended to specify
their reasonings depending on the aode of response they believed was involved.
Virtually all descriptions were closely related to one of the four major mode
groups: shear, diagonal tension, flexure, or tension agadrane.

From this point, it was observed that the data could be further
subdivided into specific structural attributes or paraseters dealing with
three unique locations along the span of the roof, i.e., the middle portion of
the slab, the slab near the walls, and the wall supports. Tables 7 and 8 show
some of these attributes along with typical descriptions volunteered by the
experts tor shear and flexural modes, Siailar tables for diagonal tension and

tension eeabrane can also be created.
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TABLE 4. EXPERT REASONING GIVEN FOR SLIGHT DAMAGE

uc TEG

minimal permanent deflection

damage localized at supports

no rebar problems and minimal dispacement

small support rotations

still in good shape

minimal tensile cracking at centerline and support
considerable capacity remains

no plastic hinge formation

small crack lines

most structural resistance remains

FUNCTIONALITY

still usable

system remains functional

everything inside should have survived

can still be used for the purpose for which it was
designed

reusable

REPAIRABILITY

small permanent deflection can be repaired

TABLE

5.. EXPERT REASONING GIVEN FOR MODERATE DAMAGE

STRUCTURAL INTEGRITX

end roof still in place even though significant
spalling has occurred

plastic hinge not fully developed

onset of membrane action

rebar caga still intact

lots of cracking and permanent set

some tensile pullout and shear punch on right side

EUNCTIONALITY

some unobstructed clear space is provided
slight rotation of walls

contents probably OX

most equipment would survive

small debris would fall on contents
structure may still be useful for something

REPAIRABILITY

-

structure serviceable
minimum repair needed
probably repairable
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TABLE 6. EXPERT REASONING GIVEN FOR SEVERE DAMAGE

STRUCTURAL INTEGRITY

very large permanent deformation

severe spalling at joints

most of concrete has spalled off roof
yielded reinforcing, spalled concrete

on verge of collapse

large support rotations

no longer able to withstand blast pressures
shear hinge at support is fully developed
end supports nearly broken

FUNCTIONALITY

only short—-term use is possible

reasonable chance for survival

spalling would have harmed contents

contents severely shaken

significant debris and pressure ingress

associated shock and vibration would have severely
damaged contents

REPAIRABILITY

- needs a lot of work
- roof needs replacing
- could possibly be repaired for temporary use

LI T T O TR T S B |

>
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TABLE 7.  EXPERT REASONING

GIVEN FOR SHEAR DAMAGE

Location Attribute or Expert Description
Parameter
Main slab Curvature - relatively flat

(middle 1/3
to 1/2 span)

Crack Pattern

]

rebar cage appears to be
flat
almost uniform displacement

not many cracks visible

no yield lines € centerline
no crushing in the compres-~
sion zone @ top centerline

Slab Near
Wall

Displacement

Anchorage

Crack Pattern

Spalling/
Ccrushing

clean vertical break

local vertical deformation
mostly at supports
relative displacement at
edges

sharp gradient

sharp bending of bars at
support

broken bars

apparently yielded
reinforcement

rebar severed at wall
rebar violently ripped out

diagonal cracking
can see diagonal struts

considerable concrete
crushing

wWalls

Rotation

Spalling/
Crushing

26

minimal inward rotation

wall supports remain intact
with little concrete
crushing




TABLE 8. EXPERT REASONING GIVEN FOR FLEXURAL DAMAGE
Location Attribute or Expert Description
Parameter
Main slab Curvature smooth top bar curvature

(middle 1/3
to 1/2 span)

Crack Pattern

Spalling/
Crushing

Displacement

moderately curved reoof
interior flexural hinge
formation

cracks indicate 3-hinge
mechanism

most cracks are on the
bottom at the centerline
crack and deformation
pattern

crushed concrete at top
centerline
spalling at centerline

large displacement at
centerline

Slab Near
wall

Curvature

Anchorage

Displacenment

Crack Pattern

large rotation near wall

bars pulled out without
evidence of yielding

lack of vertical offset
at wall

cracks indicate flexural
hinge formation

tensile cracks at top
edge

crack lines at top face

Walls

Rotation

Spalling/
Crushing

27

minimal inward rotation of
walls

concrete crushed in
compression zone of wall
face




Interestingly, if we take a close look at the attributes described
previously, we notice they are very similar to those used to describe the
levels of damage. For instance, "large deflection at wall" could be used to
describe a shear mode, but it could also be used as an indication of seévere
damage., Thus, by reducing or subdividing the expert information intoc lower
levels ot knowledge as seen in Fiqure 9, attributes or parameters can be
detined that describe both modes of failure and levels of damage.

Note too that, by carefully choosing the wording for these attributes,
the meaning can be varied by changing only the adjective used to describe it,
In the example given, for instance, the attribute is “deflection at the wall.*
By siaply changing the associated adjective from “large" to “none (no)," we
thange the meaning and are thus able to use the same attribute over a wide
range of conditions. However, an obvious probleme arises because the meaning
ot such terms as “large,” “slight," “none," etc., nust now be defined.

Once we have solved this problea of terminology, we have a unigue set of
linguistic attributes that we can use to describe modes of response and levels
ot damage. In all, ten of these structural attributes or parameters were
identified within the experts’ responses. These ten attributes are listed in
Table 9. The use ot these attributes in the knowledqe coabination process is
illustrated in Section IV. More specificaliy, expert opinion relating =mpdes
of damage to the attributes will be coambined with (user supplied}! observations
ct attribute levels to produce output identifying sodes and levels of damage,

.

OBJECTIVE INFORMATION

As stated in the introduction, one of the goals of this study mas to be
able to coabine objective data with the subjective inforeation outlined above.
Betore this can be done, it sust be deterained which data are the aost useful,
and what is the most efficient manner in which to implesent the data into the
knowledge base, Previously, when we referred to objective intormation, it was
stated that we were talking about “hard“ data such as digitized wavetoras,
etc. Although these data are crisp in the sense that the data are
quantifiable, this information is not without inherent subjectiveness when it

is applied to the Ciféicult task of interpreting sodes ot failure.
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TABLE 9. STRUCTURAL ATTRIBUTES DEVELOPED FROM EXPERT
RESPONSES

Attribute Description

1 Spallingy and loss of concrete/rebar interaction
on the bottom side of the main slab (central
1/3 to 1/2 span)

2 Crushing of concrete on the top side of the
main slab (central 1/3 to 1/2 span}

3 Vertical offset (step function shape with slab
top displacement relative to edge support) in
the slab/wall connection region

4 Rotation of the roof slab in the slab/wall
connection region

S Curvature of the main slab (central 1/3 to 1/2
span) with corresponding differential
deflaection (centerline minus near wall) to slab
length ratio

6 Flexural related cracking (including yielding,
hinge formation,... of the centerline main slab
and tensile cracks at the top side of slab/wall

connection

7 Inclined cracking at roughly t/2 from the wall
face (at apprax. 45 degrees to the horizontal)

8 Spalling and loss of concrete/rebar interaction
in the slab/wall connection region

9 Inward rotation of the tops of the walls

10 Crushing of concrete and loss of concrete cover

or rebar anchorage in the wall supports
thenselves, or in the slab/wall joint
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Damage Modes

The amouut of information that can be obtained from digitized wavaefarnms
is enurmous. From interface pressure data alans, the number of features that
can be derived to aid the mode identification process is almost endless.
Features such as rise time and peak pressure, frequency in terms of the power
spectral density, ratios of various impuise values, and decay slope of the
pressure record aftar peak pressure are but a few of the possibilities to be
investigated. Whether or not each feature contains information regarding
modes of failure is a separate question,

For this study, experimental test equipment provided numerical data for
analysis of roof slab response modes in the form of digitized intarface
pressure wavetorms, deflection profiles from high-speed photography, passive
and active steel strains, and velocity/acceleration versus time records. The
significance of each of these objective parameters is discussed next.

For sach of the eleven tests, interface pressures were available at three
locations along the roof span as was shown in Figure 5. Ross and Krawinkler
(Ref., 7) pointed out that the pressure decay after initial peak was a good
indicator of early time response (less than | ms) of the roof slab. They
noted that pair-wise comparison of the three pressure records would indicate
whether shear or flexure response dominates at early time.

In the event aof a flexure controlling failure, pressure plots are similar
for locations 1 and J and different than location 2, as shown in Figure 10,
Rapid decay of the relatively flexible centerline of thes slab indicates
novement downward, whil2 readings near the support and over the wall remain
higher for a longer period of time., These sustained high pressures indicate a
rigid boundary condition with these two locations (1 and 3) “seeing” little
downward movement.

In the event of a shear controlling failure, pressure plots at locations
2 and 3 become similar in shape and decay much more rapidly than those at
location 1, as shown in Figure 11, Here again, the pressure at location |
stays higher, longer, indicating a rigid boundary condition. Rapid decay of
pressure at location 2 and location J indicates downward movemon® of the
entire slab as a rigid body. The only way for this to . happen would be for an

initial slip to occur at the support,
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‘.
As mentioned previously, this information is not purely "objective." The

graphs in Figures 10 and 11 are for two tests conducted prior to the 11
dynamic shear tests (see Ref. 3). The flexure and shear conditions are
evident in these two cases. But in the event that the similarity of the
pressure at specified locations is not this clear-cut, how does one go about
deciding just how “similar" the graphs are at each location?

Active steel strains (shearing and normal) are useful in providing
information regarding whether a shearing action or flexural action has
occurred., As pointed out in Section II, however, because of high recording
noise, strain measurements at early time were indiscernible. However, late
time response of the slab element in the form of flexure or membrane action
can be predicted. In the case of a fixed-fixed beam, flexure is denoted by
tension in the top reinforcement and compression in the bottom reinforcement
at the support, with the reverse being true at the centerline. A coaplete
sembrane response is indicated by tension in all reinforcement. 1f initial
shear controls because of Jdowel action at the support, it is possible for both
top and bottom reinforcement to be in tension, while the central portion of
the slab responds as a flexural element with compression in the top and
tension in the bottom. Passive strains obtained from scored rebar have little
use except for measuring overall ductility associated with total collapse.

In qeﬁeral, velocity/acceleration graphs can provide insight to trends in
the response when coabined with shear strain data, For instance, modes of
damage are recognized in the data by certain features in the midspan velocity-
tiee histories, A dip in the velocity {ollowing the initial peak indicates
tlexure is dominant, while a monotonic increase to peak velocity indicates
shear is dominant. The reason for chese trends is based upon rigid bady
aotion concepts similar to those discussed previously for the intertace
pressures. Because of the fact that only three of the eleven test elements
(DS3I-DS3) were equipped with acceleration gages, more velocity/acceleration
data are needed for analysis before mode predictions can be sage with any
contidence.

Typical deflection profiles obtained from high-speed photography ¢or
tests DSI and DS2-3 appear in Figures 12 and 13, respectively, Rotation at
the support, curvature of the central portion of the span, and diféerential

deflection ratios from various sections along the roof span can provide

seasures of mode response. large vertical offset and sharp rebar rotation at
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Figure 13. Deflection profiles of Test DS2-5 (Ref. 2).
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the wall support, combined with little or no curvature (i.e,, flat) of the
main slab, indicates an obvious shear response. If sufficient residual
‘strength is available after initial shear, the slab responds in a flexural
mode similar to that of a simeple beam. And finally, continued loading may
force the entire slab into a membrane response where all fibers are in tension
and a large curvature prevails at the centerline. To varying degrees, each of
these responses can be seen in Figures 12 and (3.

Experimental data from the eleven tests provide a wealth of information
ftor determining structural modes of respaonse. Obviously, not all data are of
equal value, nor is it within the scope of this project to examine and
incorporate all this information into the computer code. Rather, the
objective is to demonstrate the possibilities that are available for
analyzing, combining, and incorporating different types of data into a rule-
based damage assessment systea, Therefore, from the inforeaticn outlined
above, only the interface pressure data and deflection proftile information
will be used in the code,

The reasons for choosing these two features, interface pressures in
particular, were summarized well in Reference 8. First, these two features
were the aost complete sets of data from the eleven tests, GSecondly, they are
assused to have recorded phenonena significantly above the noise levels of the
gages. Thirdly, these two features were used in previous analytical etforts
in attempts to characterize failure conditions, Finally, these features are
an actual ameasure of the overall hehavior of the bean., The aethodology used
tor impleaentation of these data into the code is detalled in Section IV,

eve| !

A significant effort has been expended over the last sevaral years to
analyze and understand the structural eodes of response controlling the
behavior of reinforced concrete boxes to ispulsive blast loads
(Refs. 3,5,8,9,10,11,12,13,14), Although aodes of response are important
factors in this study, the damage level ieparted to the structure because of
these various sodes is also of interest. In the section on subjective
intoraation it was found that careful decaomposition of expert opinion resulted
in linguistic attributes that could be used to describe both sodes of failure

and damage levels. Thus, in this section, we seek paraaeters obtaineg froam
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experimental data that will provide a measure of damage imparted to the
structure.

Because of the nature of the loading conditions, the structures in thie
study can be expected to sustain damage within a broad range (possibly even
total collapse) as seen in the photegraphs of(Appendix A. In typical civil
engineering structures, it is generally accepted that failure occurs in a
member when yielding is first initiated. On the other hand, a protective
gtructure that is subjected'to a load which just initiates a yield conditiun
in the roof slab aight he considered only slightly damaged if none of the
contants has been adversely affected.

From the above discussion we can conclude that the measure of damage in
conventional civil engineering structures is much different than in the buriea
protective structure scenario. We may also conclude that the criterion used
in the measurement of damage to typical structures is inadequate for our
purposes. Measures of damage used in the past for large inelastic
deformations include such quantities as the ductility ratio, rotation ratio,
or curvature ratio. Damage measures such as these siaply compare the maximum
value ot a parameter {(deflection, rotation, or curvature) to tie ¢tirst vield
value. For simple models and static loading conditions, these guantities
provide adequate damage measures. However, experimental comparisons of these
damage measures in structures subjected to severe load conditions show they
are not sufficient to produce accurate damage assessment.

Under earthquake loading conditions, for esxample, reisforcec concrete
structures are damaged by a combination of repeated strees reversals (cyclic
loading) and high stress encursions. For this reason, the defi.ition of
damage in terms of the ductility ratio may be inadwquate. As damage
saccuaulates in a structural systew, its strength diminishes, and enerqy is
dissipated. Enerqy dissipation then, as Banon (Ref. 15}, Park (Ret¢. 14), and
Wang (Ref., 16) show, can be an effective quantily by which damage is measured.
Calculation of the dissipated energy produced “y edrthuuate loads is a
relatively straightéorward procedure. Single-degree-of-ireedoa (SOOF) models
can be used to calculate the increaetal energy dissipated #rom hysteretic
force-displacement diagrams. In th. problea under tonzideration, however, the

loading i{s impulsive rather than cyclic, and the force-displaceaent

relationship is such more coaplicated. Thus, application and implesentation




of similar methods to the burie¢ structure problem would be a formidak.ie task
in itself,

Rather than spend unnecessary amounts of time developing complicated
damage models, the authors found it more advantageous to investigate the
available experimental data for features to use as possible damage measures.
Data chosen for investigation included the interface pressure data and the
deflection data for the Qane reasons outlined under Damage Modes. Influenced
by the discussion above on energy, initial attempts by the authors to find a
damage level indicator were concentrated on the interface pressure data.
Calculations of the energy per unit area as given by Equation 1 and impulse

per unit area as given by Equation 2 were pertormed for each test.

S,
Energy = Pedd (1)
J,
¢
Impulse = f P.dt (2)
to

In these equations, P is the intertace pressure at a specific point along the

roof slab, §, is the deflection ot the roof slab at a specitic point at time

t, + and 6311$ the detlection of the root slab at the same point at tiee t,

Various suamations and ratios of these values were tabulated and compared
to each other for usstulness as damage measures, Little correlation was found
between soee of the calculated values and actual damage levels of the tests.
This is due in part to the fact that pressure data are available for only
three points along the length of the slab, thus making it di¢ficult to obtain
2 true measure of the entire roof response,

Although soee of the features which were calculated exhibited fair
within-group trends of damage (i.e., compared well with linguistic damage
level assessaents), none of the features studied could be used to show trends
of dasage for all groupings. In cother words, none of (he features was
adequate in classifying damage for all 11 tests,

Deflection profiles were examined next because of the inherent
inforaation contained concerning damage/deformation. The calculation for one
ot these damage features is shown in Table 10, Note that the magnitudes of
the norsalized values compare well (within the group) relative to the
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TABLE 10. CALCULATION OF VALUES FOR A TYPICAL DAMAGE LEVEL
INDICATOR :

10 10
Damage Indicator (D.I.) = [ foedt + [ Swa11°dt
0 0

where St is the centerline roof slab deflection at time t,

and dwall is the deflection of the roof slab near the wall

at time t.
Test No. Group Visual D.I., Normélized
damage in-ms D.I.
assessment
FH12 1 Slight 18.41 0.22
FH22 1 Total (collapse) 81.94 1.00
DS1 1 Total (collapse)  NAP
Ds2 1 Total (collapse) 74.69 0.91
Ds3 1 Severe 27.49 0.34
DS4 1 Total (collapse) 50.39 0.61
DSS 1 Total (collapse) 79.14 0.97
DS2-1 2 Total (collapse) 62.16 0.76 )
Ds2-2 2 Total (collapse) 74.92 0.91
DS82-1 2 Moderate 32.61 0.40
Ds2-4 3 Total (collapse) 68.59 0.84
Ds2-5 ] Very Extensive 48.01 0.59
DS2-6 3 Moderate NAP

3pata obtained from Foam HEST Tests (sece Ref. 3).
Dpeflection data not recovered

Note: Values were normalized by dividing by the largest
D.I. (Test Nc. FH2).
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linguistic assessment (i.e.,,.total damage corresponds to values approximately
equal to 1.0, and slight or moderate damage corresponds to values much less
than 1.0). As with the energy and impulse features, few of the deflection
teatures were able to predict vamage levals for all Il tests.

After careful study of all the features calculated, it was concluded that
the phenomenon of within-group agqreement is caused by variation in the major
test parameters (fc’, P, L/dY, Although much wark has been conducted on the
interaction of these parameters with respect to modes of response, it is not
known with confidence how these parameters affect late-time deformation
response,

Despite all the problems encountered with the data, a rather siaple, but
effective feature based on deflection profiles was chosen for inclusion iato
the computer code for Jemonstration purposes. The damage level value for any

given test is computed using Equation 3.

¢ 8
£ o s

Lot

Damage Level =

The tine af 15 ms was chosen because sost deformation has taken place by this
time. The parameters L (slab length) and t (time) are inserted into the
denominator to normalize the damage indicator, thus simplifying the damage
scale. By comparing values calculated for each test with linquistic
assesseents, a scale (shown below) was created for classifying damage levels.

None Slight  MHoderate Severe Ex¥35§ive Collapse

In this section, all the inforaation needed to adequately describe the
sodes of response and levels of damage present in the buried concrete bhox
structure have been described. The only remaining task, therefore, is to
integrate this knowledge into an efficient, user-friendly code. In the
tollowing section, the methodology used to accoaplish this task is discussed
io detail. This discussion includes both the theory behind the techniques and
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the computer alqorithms used.to implement them. And, in order to help the
reader understand the program which has been developed, an example session

using the DAPS code is presented in Section V.

Al




IV, THE STRUCTURE OF DAPS

Before the actual organization of the DAPS code is discussed, it is
necessary to present the underlying theory on which the code is based. The
first two subsections of this section review some important concepts
concerning expert systems and fuzzy set theory. This review should help the

reader understand the basis on which the code is develaoped.
A RULE-BASED EXPERT SYSTEM APPROACH

Expert systems are an outgrowth of a subdiscipline of Artificial
Intelligence (AI) research begun in the mid-1960s, Early researchers in the
field of Al were interested in building aachines capable of pattern
recognition, sensory perception, learning, and comprehending ghe semantics of
human thought. Although the major use of computer technology over the years
has been in arithmetic operations, Al focuses on the use of the coeputer as an
idea processor rather than a nuaber cruncher.

Expert systems are but a small fragment of the Al field. The purpose of
an expert system is to play the role ot & consultant or an expert operating in
a very restricted domaln of knowledge who gives advice to someone with a task
or a problea within that domain, [n other words, expert systeas try to
capture a little of the complex process of humsan reasoning. 1In its siaplest
fora, an expert system is a collecticn of knowledge in the fora ot “rules-of-
thuab,™ as practiced by the domain expert, together with special techniques
for applying the proper rule at the proper tiae,

A question that might arise at this point is “How does one recognize a
good candidate problen for expert system isplesentation?” A response to this
question is shown below as a list of identifiable expert systes

characteristics.,

® A relevant body of knowledge exists and is available

® The skill involved is one which could be taught to a new eaployee

® The knowledqe can be expressed in bite-sized pieces that make sense
standing alone

® Solving the problea without a cosputer takes an expert no less than
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a few minutes, and no more than a few hours

¢ The benetit that will come froa developing the systea is sufficient
to justify the cost involved

@ The problem contains subjective paraaeters which are inherently

difficult to quantify

As we see in Figure 14, the two major parts of an expert system include a
knowledge base and an inference mechanism. The knowledge base is the storage
facility for heuristic rules; it attempts to emulate the complex processes of
deductive and inductive human reasonirg. The heuristic knowledge in the
knowledge base has been collected from one or several husan experts and is
composed of condition-action statements in the form of IF-THEN type rules.

The inference aechanise is the portion of the code separate érom the
knowledge base which uses the rules together with data froa the user to
“reason” through a problea. During each cycle, the conditions of each rule

Knowledge Acquisition Knowledge/Rule
4
Users )« — Inference Mechanisn
Input oOr
Question/Answaring {

Forward | Backward
Chaining 1 Chaining

Explanation
Facility

3L

» B
Y

.

Answer

Figure 14. Typical expert system configuration.
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are matched against the current state of facts. 'When conditions stated in the
IF portion are matched, actions are executed in the THEN po-tion. The THEN
stateeents (consequents} then become part of the facts base. These actionsg
affect the current state of facts, making it possible for new rule conditions
to be initiated., The inference process in most current expert systems is
keyed to a search-and-match strategy of this type. R rule will not be
triggered if there is the slightest discrepancy in wmatching. Also, one rule
may activate several other rules, and the'propaqation of rules msay proceed
either forward or backward or a combination of both.

This forward or backward propagation of rules describes the two types of
inference mechanisms. The +first, knawn as forward chaining, is sieply a
bottom-up sea ch, Starting with low-level facts, intoraation is deduced until

a final conclusion is reached.

Example: Rule i IFr A
THEN: B

Rule 2 IF: B

THEN:

Given A is true, then the conclusion € is reached, The second sethad,
known a3 backward chaining, is & goal-oriented search., Stsrting with an
assumed final conclusion, 2he system works backward through the rules until it
tinds sutéicient data to establish the conclusion or gual. '

Exaaples  Find out adout C {goal}
171 8 THEN: C {Rule 1
{F: A THEN: B {Rule 1)
IF: A THEN: C timplicit Rula2}

For this study, varicus inference aschanisas were investiqatea éor
possible use. In particular, the inference aechanise 1n SPERIL-1 (Ret. 17:
was thoroughly exasjned. The inference sechanise usad in SPERIL-1 is 2
bDackward chaining sechanism using the Despster-Shafer theory of evidence to
process uncertaintics in the knowleidge base. After caretul analysis it was
deterained that an expert systea shel{ would be used. An exzpert systes shell
is essentially a coaplete expert systes ainus the knowledge base. The shell
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chosen for this project is called EXSYS and is available for use with personal
computers, A brief outline of the features and capabilities available in
EXSYS are presented in Appendix B,

UNCERTAINTY AND THE USE OF FUIIY SETS

Fuzzy Set Theory as an Approximate Reasoning Tool

Uncertainty is associated with any reasoning system and it comes from a
variety of sources. Reliability of the information, ambiquity and vagueness
within the representative lanquage, incompleteness of the information, and
imprecision in aggregation of the information from multiple sources are but a
few examples. Zadeh (Ref. 18) maintained that the abili.y of humans to
extract the important items out of a mass ot intormatinn is derived from a
human tendency to think approximately. In other words, human thinking
involves a gradual transition from membership in a class to non-membership in
a class rather than an abrupt change between classes.

For example, most peoole would agree that a person &’'-6" in height is
"tall." They would probably also agree that a person 5’-6" in height is “not
tall.* How then do we classity a person who is 5’-1{" in heignt? Obvicusly,
the class of "tall" people is not a "crisp" set, and, thus, there is a gradual
transition from being a member of the class and not being a member of ihe
“tall" class. This is naturaliy how humans think.

Because most of the knowledge in an expert system is obtained ¢ros human
experts and because much of human lanquage and xnowledge i3 vaque, it is
usually true that facts and rules are neither trtally certain nor totally
consistent, Because of this, we may describe the reasoning process used by
experts in certain situations as approximate. In this report, the tnopry of
.fuzzy sets is used to help assess uncertain information derived from this
approximate reasoni ~ process.

In any given lannuage, the values of a jinquistic variable are words,
phrases, or sentences. For example, structural damage cen be considered as &
linquistic variable with values such as "severcly damaged,“ or “amuderately
damaged." These are meaningful classifications but not clearly dafined. With
the use of fuzzy sets, however, we can quantify such terainology and apply it

in a meaningful way to help solve a complex praoblea. An evident advantage of
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the fuzzy set approach is the possibility of representing numeric angd
linguistic variables in a uniform way and of using a formalized galculus to
manipulate these variables. Simply defined, fuzzy set theary is a theory of
the mathematics of approximate reasoning.

Although the process of fuzzy reasoning is expressed using mathe.atical
" equations, it is not a statistical method. It is an approximate reasoning
process which is compatible with human intuition.. The advantage of the fuzzy
reasoning is that it can yield an approximate answer even when there is not
sufficient information to support a statistical method. The notion of
probability stems from, and depends on, the idea of repeated trials. Under
identical ant repzatable laboratory conditions conducted on simple aodels,
this probabilistic notion readily applies; but, in real-worid (in particular
human) systems, experiments are rarely identical and repestable. Therefars,
for the subjective assessment of complex systems, probability has its

limitatiors.

Fuz22y Sets Defined By Example

-y

The vagueness or uncertainty as o whether an object belongs to a class
or set is a question of membership., In classical set theory, an element is
either within the dosain o4 the set, or it is not. Matheaatically, this
binary notion of set aembership ls handled with the indicator function, In
turly set theory, the degree of seadbership of an element x in a set A, denoted
unlx). tan be any value in the jinterval (0,1), For instance, i¢ the
aeabership level is one, then the itea or object is detinitely a aeaber, ¢
the aesbership level is zerc, ther the itea 1s definitely not a aeaber. [¢
the aeabership value is betwean 0 and 1, then the value stated indicates the
belieé that the cbject is a meabar of the set,

In fuzzy set thpory, the set A can be represented in teras of its

asabership function as follous.

“e p“(x‘) . u“(lz) . by (g ) . n By )
x X x 2: X
i 2 . n i=l i

where each xi is an eleaent of the set A. When x is a continuous variable,
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the set A is denoted:
A=f uA(x)
%

where the symbol "—==" ig a delimiter which denotes the association of the
membership value Un(*i) with the element of A, and the symbols "fJ" and "+"
denote the union of all elements of the fuzzy subset in the continuous and
discrete case, respectively. As an example, suppose the set A represents tne

universe of discrete concrete strengths:
A = [2.0, 3.0, 4.0, 5.0, 6,0, 7.01 (k/in?)

Then, for this example, the xi are the discrete values of concrete strength.

A mpderate strength concrete may be expressed in fuzzy teras as:

u,ug-.&,u_*u,u]

Noderate Strength® = [ 2.0 *3.0 T 4.0 ts.0 te.0 t7.0

In other words, this expression means that 5.0 k/in® concrete is definitely a
nenber ot the set “moderate strenqgth,* 2.0 and 7.0 k/in® are detinitely not
senbers of the set “moderate strength,* and 3.0, 4.0, and 6.0 k/in® concrete
are somewhere in between in terms of meabership, A classical representation
using crisp set theory could be expressed as:

" " ..9.._ -—l—— -—L._ -.L- l—
Moderate Strength* = [ 303070505 'ts 70 ]

The diféerence between a “fuzry" crepresentation and the “classical”
representation of “amoderate strength® 1s jllustrated In Figure 15,

The construction of a meabership function is a straightiorward task that
can be accoaplished with the tooperation and assistance of a panel of
expericnced engineers or experts in the specific ¢ield., The resulting
aembership functions can then be eanipulated in a logical manner to obtain an
ansuer to a coaplex problea,

The presentation of the sathewatics of the fuzzy set theory is teyond the
stope of this report. For more datail, the reader ia referrad tp any of
References 9,18,19,20,21,22, and 23, c |
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Multiple Attribute Decision Analysis

In most engineering problems, there are typically many solutions aor
alternatives available to the engineer for solving a problem., [In order to
choose the most optimum solution to the probliem, the engineer must have a
method by which to assess and compare each of his alternatives. One such
method is outlined here. The usefulness of this analysis procedure will be
explained in a subsequent section,

First, we denote the alternatives cvailable to the decision maker as Al'
Az,...An. For each of these alternatives there may be several criteria
(relevant to each alternative) available for evaluation, Each of these
criteria, in turn, are given some degree of linquistic rating, denoted rij‘
such as “bad," "good," “very good," etc. Furthermore, each of these criteria
has an importance factor (i.e., not all criteria are equally important). We
can represent the importance of a criterion with a linquistic weighting tera,

w,. The relationship among these linguistic parameters can be seen in Table

i
i,
'y
1.0 prems
Q
= /-Classmﬂ
i !
a
3 - |
b {
. 051 : ~ Fuz2y
= 5 {
-;° | l l
-3 [ l
o | |
o.q | | !
0 1 2 3 4 5 6 7 8

Strengtn [KsI]

Figure 15. Classical and fuzzy representations of a moderate
strength concrete.
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Assuming that the linguistic terms rij’ and nj, can be quantified, the
"$ollowing equation.can be used to determine a weighted average rating for each

of the alternatives:

n

L e

s & (4)

é
W,
=1 ?

{

Rating for Ai

where n equals the number of criteria. Finally, by calculating this rating
for each of the alternatives, the relative merits of each may be compared to
help produce an optimum decision.

Dong et al. (Reé. 20), have derived an efficient computational method,
called the DSW algoritha, by which fuzzy sets are integrated into this
mujtiple-attribute decision process. The linguistic terms associated with the
ratings (rij)' and the importance weightings (uj) are assigned tuzzy set
representations. The calculation of ratings for each alternative is done with
Equation 4, using fuzzy logic equivalents of addition, subtraction,
multiplication, and division., The algoritha is well suited for coaputer
ispleaentation.

The usefulness of this algorithe will be examined later where it will be
shown how the DSW algorithe can be effectively used to combine the subjective
information outlined in Section III into a preliminary decision relating aodes

ot structural response to degrees of damage.
ORGANIIATIONAL STRUCTURE
ary

In the introduction to this report, it was stated that the objective of
this work was to study and develop a computer code to be used for the dasage
assessaent of protective structures. In Sections [, 1I, and Iil the problea
was introduced, and the available inforsation for possible inclusion into tne
code was reviewed., In earlier subsections the “tools” used to synthesize all

this intoraation were discussed briefly. The purpose of later subsections
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will he to show how all this material is combined to create the present-
version of the DAPS code (Damage Assessment of Protective Structures).

As discussed previously, the major factors influencing an assessment of
the buried box structure included structural inteqrity, functionaiity, and
repairability., Given sufficient infaormation, it would be possible to
determine three separate damage level assessments of the structure, one from
each factor, If each of these assessments is then given a weighting or
importance value by a decision maker, a final analysis of the level of damage
to the structure can be computed using a method similar to the one outlined
previously, The ultimate goal, therefore, is to take the assessment fruom each
of these factors and to combine them into one meaningful assessment. This
procedure is represented in Figure 1é.

The organizational structure developed to accomplish this task is shown
in Figure 17. The level of damage from each of the three factors can be
provided using an expert system approach. In this particular case, each of
the factors could be developed as a separate aodule within the expert systea
architecture. Using the expert sxsten shell EXSYS as the inference mechanisa
and knowledge base, assessments for structural integrity, functionality, and
repairability can be calculated, and the information shared and stored. With
analyses completed, the information in the torm of tuzzy sets is passed to an
external prograam, where a DSW algoritha is activated to coabine the
assessments. Only the structural integrity wodule of Figure 17 was developed
tor this report,

The logical +fiow of the structural integrity asodule is outlined in Figure
18, There are three major parts to this eodule as followst (1} Rules
concerning total failure, (2) Rules concerning soft (subjective) data, and (3)
Rules concerning hard (objective) data. The 4irst part of the code deals with
the trivial case of total failure of the structure, i.e., root¢ collapre. For
this particular case, severil rules were developed $roa the questionnaire sent
to the experts (rules 1-9 in Appendix C). If total failure has occurred,
these rules are activated, and the mode of failure is deterained. The level
of damage is set to total failure, and the resainder of the structural

integrity sodule is bypassed. An exampie rule follows,
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(a) Damage level assessments:

Damage level

Structural Integrity |. Moderate

[BJ3x1 = Functionality Slight

Repairability | Severe

(b) Weighting or impartance matrix:

Structural
integrity
Functionality
Repairability

(Ad1x3 = Important Very important | Less important

(e) Ultimate goal:

Final answer: [A] x (8] = (C]

Damage level
tc]lxl = Overall damage Moderate

Figure 16. Representation of structural damage assessment goal.
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Expert system shell--EXSYS

External
Structural Integrity
C Module )“— F“C":]t]‘ o

—t- |
External
Repairability Module Function
_ Calls
‘ External
Gunctionality Modu@t—-t Function
Calls

Resylts of Analysis
From Individual Modules

i )
Damage

|

T chea— G, op— — Gmm—

OSW Algorithm je-

Figure 17. Organizational structure of DAPS.
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/——Expert system shell--EXSYS

No Sé)i;t Dat]a
. —» Externa
Total F.-:_flu—r:e?/ | Functions
Yes
—— e Rules on
r Total Failure
|
! Rules Describing Results
l of Soft Data External
| Functions r_
I R T
- ‘\\
| - Soft Data Answers N
' r—-—--( Remain Resident for
\ Later Use s
' l \\\h _--”’
| garly Time
i | Begin Hard Data Hard Data
| Analysis External
l ' Functions
| Rules Describing Results of
| | Early Time Hard Data o
] l External Functions
| Late Time
I Hard Data
| | ta External Function ‘T External
X - Functions
I
' | Rules Describing Results of |
' Late Time Hard le
l | External Functions
l
b
L) Ou:sput Results of
— Soft and Mard Data
Aalyses
[ “To future modules for functionality
and repairability

Figure 18. Logical flow of structural integrity module.
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RULE NUMBER: §

IF: -
complete failure of the structure is true (i.e,, the roof slab has been
completaly separated from one or both of its supports)

and the failure has occurred at the slab-wall connection

and the <eparated slab is lying flat on the floor (implying a symmetric
failo ) '

and the failure surface(s) at beth supports are relatively rough with many
cracks and “concrete teeth®

and inspection of the failure regicn indicates the main reinforcing bars
exhibited rupture atter significant detormation (note "necking® or
stretching)

THEN:
damage level as determined by structural integrity analysis from visual
information is total failure - Probability=l

and the mode(s) involved in the deformation process as determined by visual
(subjective) information were predominantly shear and diagonal tension,
causing rupture of reinforcement atter signiticant rotation and
deformation. It is possible that the failure region was underreinforced
- Probability=]

and (FAILURE MODES] 1S GIVEN THE VALUE “"KNOWN®

The second and third parts of the sodule deal with the subjective and
objective data respectively, as outlined in Section Ill. Because these two
parts encoapass the asjor effort of this report, the sethudology used to
develop and implement these two parts will be discussed in later sections.

ctur r n ysing Sof t

Derivation of Analysis Procedurs. When the data froa the expert

questionnaires werwe analyzed, it was originally intended that this inforsation
would be coditied into the computer in typical expert systes fashion, {.e., 10
the fora of IF-THEN production rules. Upon further investigation, however, it
was found that this could not be accomplished easily. The reason for this is
due to a combinatorial explosion., In aost expert systeas, the wnole purpose
of a rule base approach is to use intuitive logic in the fore of production
rules to “prune* the nuaber of paths or cosbinations available for solving a
coaplex problea. In the case under study, the nuaber of possible structural
attribute cosbinations (and therefore aumber of rules) is siaply such too

large o be hindled in the noraal smanner,
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To illustrate this, assume that each of the structural attributes listed
in Table 9 can attain one of six degrees of damagé; none, slight, moderate,
severe, very extensive, or unknown. Since there are 10 attributes, the nuaber
of possible combinations for the full space is &'° = 60,466,176, Obviously,
even though all these combinations are mathematically possible, most of thea
would have no real physical meaning in terms ot describing the modes of
response of the structure. The point of the illustration is thisy the
complexity is such that, to describe all possible responses, the number of
rules required renders the problem intractable.

Although this large attribute-damage space could be pruned using
production rules, the expertise needed to develop these rules is not
available., However, it is possible to circumvent this problem using a fuz2zy
logic approach. To accomplish this, we fgund that there existed two very
useful conceptual relationships within the expert data which could be
expressed in matrix form. The first satrix, which will be denoted the user
matrix (U], is shown in Figure 19a. The ten rows represent the ten structural
attributes identitied in Table 9. The ten slots in this matrix are filled by
user response during a session as follows. Given some type of visual data
(photographs, visit to site, etc.,) of a damaged structure, the user chooses
ore of six degrees (none, slight,...unknown} that best describes the level of
damage of each structural attribute. For sxaaple, “1 aight be slight, az

aight be severe, aight be none, and so on, For each linguistic tera, there

A
is a corrospondinqsfuzxy set representation.

The second aatrix relationship, denoted [E) in Flgure L9b, is slightly
sor® complex and, thus, sust be carefully explaineds This aatrix is termed
the expert esatrix because the relational contents are derived from expert
opinion, In Figure 19b, the (E) matrix is shown to be three-disensional,

Each row represents a sajor apde of response, each colusn a structural
attribute, and the third disension normal to the page represents the six
degrees of damage attainable by each structural attribute. Thus, each slot in
the (Ai % Node) space represents the relationship between 3 given sode and a
given attribute which ha¢ achieved a given degree of dasage. Careful study of
the expert reasoning process showed that sost experts’ judgaents of the
relationship between a mode and an attrivute depend on the degree of dasage
attained by that attreibute,
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(a) [U] Matrix produced by user input: Damage level

>

> =
~

>3
«w

X
&

A1 = 1th Structural
attribute

wn

o

&

“~

> > 3> > >
~

(b) (E] Matrix produced by expert opinion:

Unknowmn >
Very extensive -s:——— '
Hoderate -Ti—;%ﬂ:r /1’ // /1 /‘/ /j // /1 /." /1
mhg—_S_L "

prase

Shear

Diagonal Tension

Flexyre

Tension Nembrane

(¢c) Product of [E] x {u] = (P]:

Damage level

Shear

Diagona® tension

Flexurea

Tension Hembrane

Figure 19. Matrix relationships for subjective information.
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for instance, take the first slot in the upper left-hand corner of fiqure
19b, Given that attribute Al is none (with respect to damiage), an expert

might determine that there is no relationship between shear and attribute At‘

Obviously, the relationship can vary hetween no relationship (i.e., attribute

Al has nothing to do with a shear mode response) and cosplete relationship

(i.e., shear mode response is significantly dependent on the degree of

attridbute Al)' Since the idea of relationship is a continuous function

between no relationship and comsplete relationship, the use of fuzzy sets to

represent these vague terms is ideal. Figure 20 shows a typical fuzzy set
representation of no relationship for the exaaple above.

Given that the (U] matrix is filled by user response, and the (E) matrix
is filled by expert opinion, the two may now be combined to produce an
analysis of the damaged box, The process used to coabine the two satrices is
the DSH algorithm discussed previously. [n this case, however, the criteria
are the structural attributes, the ratings are the values given in (U}, and
the weightings are the values given in [E). Using the DSW algorithae, the

1.0 -

Example Fullty set representing
/— “lo relationship"®

u(x) = Membership
(=]
S

None ] 2 3 4 S 8 7 8 9 Total

Degree of asioclation/relation between
a given mode and a given attribute

Figure 20. Example fuzzy set representing "to Relationship®
between a shear mode and structural attribute Al.

B L A L ¥ N B A L e N LN W N M N % Y T A




damage level of thz structure associated with each of the four modes can be

calculated using Equation 5.

10

> E..U.

2, 13T
) ' {Damage Level)i = {3)
. 10
3, E.
. ij

J=1

It is important to remark here that although the [E] matrix is three-
dimensional conceptually, when used in the calculation process, it has been
reduced to a two-dimensional matrix. This reduction process results when the
user chooses one of the six ievels of damage for each of the structural
attributes. By doing so, the other five columns (in the third dimension of
Figure 19b) for each attribute are eliminated, In other words, only one
column in the third dimension is used for each attribute.

Once [E] has been reduced to a two-dimensional matrix, it may be combined
with [UJ. The result of this operation is a 4xl matrix dencted [P], as shown
in Figure {9c, Each slot of [P] is a fuzzy set describing the level of damage
associated with the given mode of damage.

Before continuing on with an explanation of how the results of this
process are interpreted, an explanation of how fuzzy sets are chosen tor
linquistic terms is necessary. Because the linquistic terms themselves are
vague, the choice of shape{s) used to describe these terms is also rather
arbitrary, In the literature, the shapes most often chosen include the
triangle and the trapezoid, Shapes with other than straight lines may be
chosen, but com; lexity in mathematical manipulation makes thea very
undesirable. F .r this study, the fuzzy sets chosen to describe degrees ot
damage are shown in Figure 21, Typically, the shapes and their locatiuns in
the universe of discourse (abscissa axis) are decided by consensus of expert
apinion.

In particular, the reader should notice the fuzzy set reprusenting the
linquistic term "unknown.,“ After much debate and many trial shapes and
calculations with these shapes, a rectangle funit membership throughout) was
chosen, Upon reflection, this shape appears to be the most intuitive chaice.

The very idea of an "unknown" damage level implies that it could be anywhere
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'y '/——Unknown = (nit membership throughout

1.0 - .
L[MM ffmmm \ fﬂ—1hw
K 6//>\ / { |extensive
f; B R . '
g i / \ 5{ .
§ 0.5 = ... // \ / \
S -
= B / \ \ .
- \ \ !
0.0 : 1 1 i B 1
0 1 2 4 9 10

Damage Grade

Figure 21. Fuzzy sets representing linquistic damage levels.

between “none* and “very extensive,* The implication of including unknown
into a calculation is to extend lhe resulting answer in both directions, i.n,,
toward “"none’ and toward "very extensive.® Thus, the addition of “unknown®
into an analysis lends sore uncertainty to the answer, just as it snould.

The interpretation oé the calculated fuzzy sets is a difficult task,
Ideally, the goal is to find 4 linguistic tera that corresponds to each
calculated fuzzy set, Because of the nature of the weighted average
alqoritha, however, the actual shapes of the resulting fuziy sets say not be
as neat and symastrical as the fuzty sets used to praduce thea (i.e.,
trianglies, tripezoids, or delta-functions). 1f we superispose a typical
calculated fuzzy set onto the universe of fuizy sets representing the
different damage levels aw shown in Figure 22, it is possible to make 2
comparisun botween the shape of the calculated set and each of the predefined
dasage level sets, One way of coamparing futzy sets is to use 3 ditterence
sdasute, denoted D, I¢ the value of D detween the calculated fuzzy set and
one of *he predefined sets is small, then it is poasible to say the sets are
sisilar. In the case of good sisilarity, the linguistic tera for the
predefined fuzzy set may be appiied to the calculated fuzly set.
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The ditference D can be measured by a number of techniques, some of which
were examined for this stud&. The difference measure chosen is a modified
EBuclidean approach and is given by Equation 6. This measure was chosen
because it was most easily adapted to the DSW algorithm, and because it
provides a relatively good measure of similarity between a predefined fuzzy
set and a calculated fuzzy set. In this context, similarity is meant to
describe both “similarity of shape® and "distance between" the predefined and

calculated fuzzy sets.

D = va:[(xlgi - (XL);]z e [oegy - e TP (6)

wherp
n = numher of da-cuts
i o= i,zi"'io

(xiii = Left-hand damage level value at the ith o-cut level ot B’
(XL)i = Left-hand damage level value at the it:ha-cut level of Bi
(X;’;}i = Right-hand damage level value at the i~ &-cut level of B’
(X), = Right-hand damage level value at the i'" a-cut level of B,

The modification to the Euclidean approach involves the use of the a-cut
interval sethod, which foras the basis of the 0S¥ algorithe, As we see in
Fiqure 22, a-cuts are simply paralliel horizontal lines of constant mesbership
that cut through the fulzy sets, The intercection of these lines with a fuzzy
set .dentity points an the yniverse of discourse which have the case
senbership value,

Using Equation &, it is possible to calculate the difference acvasure, D,
which ig a seasure of the difference between the zalculated fuziy set and pach
predefined fuzzy set. The linquistic term chosen for the calculated fuzzy set
is simply the linguistic tera corresponding to the predefined #ua;y set with
the lowest D (i.e,, highest siailarity). Although this i% probably not the
sost rigorous or elegant method available ior determining similartty, for
desonstration purposes, it provides a good indication pf relative similarity,
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Explanation of External Programs Used in Sofg Data Analysis

The previous discussion was facused on déscribing the methodology used in
combining subjective expert opinion with observed structural damage provided
by the user of the code. In this section, the focus will be on presenting the
manner in which this information was coded into the computer. As was shown in
Figure 18y the code begins by determining if complete failure of the structure
has occurred. [+ true, the code proceeds as discussed previously, However,
it the answer is false, a series of calls to external progranms is m;de by
EXSYS in order to begin processing the soft data. There are four external
praograms used in the soft data manipulation process, as shown in Figure 23.
All external programs were written in either FORTRAN or BASIC computer
lanquages. Programs written in BASIC were done solely because of the
gxtensive graphics capabilities available in the language. Each of the four

programs will be discussed next.

Program FYISET. The program FUISET is the first program to be called

trom EXSYS, This portion ué¢ the code is written in BASIC and is composed of
two major sections., The first section of the progras presents graphic
pictures of the fu2zy sets that will represent the linguistic teras none,
slight, msoderate, severe, very extensive, and unknown, sinilar to Figure 21,
These fuzy sets were predetermined by the authors and are ¢tored in the data
¢ile USER.DAT. During the pr:santation of thess 4u23y sets, the user 15 given
the option of viewing or changing their shapes it he/she is uncoefortibie with
the current detined shap:.

The second section ot the program deals with the user matrix (U) and the
expert matrix {E) described previously, It ls at this point in the tode that
the computer questions the user about the ten structural attributes listed in
Table 9 (assusing they have access to the intorsation), During this guestion
and answer period, the user also has the aption of viewing the fuzzy
relationships in the expert satrix (E) dealing with the attritute about which
they are being questioned. The purpose of this is that it may aid them in
their decision making process. As an added option, the user say also change
the relationships in the (E) satrix if they are unsatisfied with expert
opinion on a given mode/attribute relationship. Al} fuzzy sets are stored 1n

data files as shown in Figure 23,
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l From I r
EXSYS

Program FUZSET

See/Change Fuzzy Sets For
Linquistic Damage Terms?

No

i Yes

Show/Change Fuzzy Sets

———»{ USER.DAT

ANSWER .DAT
ENO.DAT
ESLT.DAT
EM0D.DAT

v

Ask Questions of User
On Structural Attributes

ft 1

IE ESEV.DAT.
ETOT.DAT
- L EUK.DAT

|

Program COMBIN

Calculate Levels of
Damage Associated With
Each Mode

~ —9{ EXPERT.DAT |
| CHOICE DAT |-

'y Y 3

Do Similarity Analysis

~ _PLOT.DAT |

Program COLORPLOT

(" Show Results of cmm)!';

o Yes

Show Furzy Saets

R

TEMP1 . DAT

:
|

Program RETURN

Return Values Calcylated

Llo EXSYS

via File
Return.DAT

in Coabin

Figure 23.

Organization of soft data external functions.
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Program COMBIN. The program COMBIN is a program written in FORTRAN and
has no direct interaction with the user. COMBIN is called immediately upan.
completion of the program FUISET, and its major purpose is the combination of
information derived froam the user in FUISET. This combination process is
accoaplished through the use of Equation J which outputs four fuzzy sets.
Again, these four fuzzy sets represent the level of damage of the structure
associated with the four modes of response. After the DSW algorithm has been
completed, a similarity analysis is pertormed on each calculated ;hzzy set
using Equation 6. Thus, a linquistic term is applied to each mode of
response. 0f these four linquistic descriptions, the term describing the
highest level of damage becomes the overall damage indicator of the structure

as determined by subjective data.

Program COLORPLY. The BASIC program COLORPLT is run by EXSYS after all
calculations in COMBIN have been completed. The function of COLORPLT is quite

simple -- to present to the user a graphical representation of the results
obtained in the program COMBIN, The user is asked if he/she would like to
view the results. ¢ yes, the progras is runi if no, EXSYS continues without
executing COLORPLT,

Program RETURN. As seen in Figure 24, the sole functicn of prograa
RETURN twritten in FORTRAN) is to transfer to EXSYS answers obtained in all
external prograss. The values obtained in COMBIN are placed in a tesporary
data ¢ile called TEMPI,DAT, RETURN simply reads thes? values and roeturns thea
to EXSYS via ¢ile RETURN.DAT, as explained in Appendix B. Five values are
returned to EXSYS in this sanner, the first four representing the damage

associated with each mode, and the fiéth representing the overall damage of

the structure.
Once the values have heen passed to EXSYS, there are several rules (rules

13 to 42 in Appendix C) which provide a linguistic interpretation of the sodes

and damage levels coaputed by the progras COMBIN, An exaaple rule ¢ollows.
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'—m"ﬂ——" _Program TIM

EXSYS
Calculate Early ‘— 1 TIMIN.DAT
Time Controlling
Mode of Response #{ TEMP2,DAT ]—T
Early
Time - Program IFPLOT EXP, 1
_— EXP, 2
Show Pressure/Impuise |¢- IF1.4
Plots and Ask User About IFZ?
Similarity =
IF3.4
~———9 TEMP3.DAT M
Program RETURN
T: E);?:S . Return Values Calculated
Via File fn TIN and IFPLOT

| Return,DAT

::::s Progras DEFLECT
Show Deflection Profiles F
and Ask User Questions.L OEF.4
Calculate Damage Level
Lite Ustng Eqn, 3.3 # TENP4.DAT
Time
S
I
l Program RETURN
l To EXSYS Return Values Cal‘culated
[T viaFite in DEFLECT
| Return OAT

Figure 24. Organization of hard data external functions.
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RULE NUMBER: 27

IF:
complete failure of the 'structure is false (i.e., the roof slab has ngt
been coapletely separated from one or both of its supports)
and flexure damage is mpderate

THEN: :
the damage to the structure associated with a flexure response as
determined by structural integrity analysis from visual information is
moderate - Probability=1

NOTE: .
The actual analysis procedure stated above is a fuzzy-weighted average
algorithm implemented in a FORTRAN computer program. The damage levels
of the 10 structural integrity parameters supplieag by the user are
tombined by weighting them with expert knowledge relating modes of
tailure to these same parameters,

This inforeation not only is output at the end of an EXSYS run but can be usad
later in the code as a priori knowledge in rules dealing with the
tunctionality and repairability of the structure.

Gtryctural Integrity Analvsis Using Hard Data

Having cospleted the analysis of the soét data, the code proceeds to the
hary data portion, as shown in Figure 18. In the soft data analysis just
gincussed, the inforsation used was derived froa "extremely late-time® data,
l.e., posttest observations. On the other hand, all available data to be used
in the hard data analysis corrasponds to structural responses occurring
between O and 15 as after initisl loading, Nevertheless, the hard dats
analysis described in this section will be assigned to two sagaents, one based
on early-tise analysis 4nd one on late-tiae analysis,

The reasoning for these separate sections it based on the previous
discussion of the hard data. In that section, it was pointed out that not all
data are of equal value in detereining aodes cf response at different goints
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in time, Interface pressures, for example, give a good indication of early-
time (less than approyimately 2 ms) slab response, whereas deflection protfiles
give a good indication of late-time (greater than approximately 2 as) slab
response. The early-time analysis is important because it provides an
indication of trends in response. Thus by knowing the early response first,
late-time analysis (from deflection profiles) and overall response modes may
be better understood and interpreted.

Thergfore, in the next subsection the techniques and external progranms
uysed to calculate “early-time* response will be discussed. In the following
subsections the methodology used to provide “late-time" analysis is discussed,
as well as the rules used to combine both analyses into an overall “hard"

assessaent of the structure.

Early Tiae Analysis

The calculation of the early-tise response of the structure in DAPS is
limited to two programs external to EX1S5YS., These two prograas, TIM and
IFPLOT, are illustrated in the top halé of Fiqure 24, and an explanation of

each is given below.

Program TIM., Program TIN is & FORTRAN code developed by Mickelsen (Ref,
24), which deteraines the early time response of 4 fixed-fined bean uysing a
Timoshenko beans aodel. The computer progras ¢irst solves tor the natural
trequencies of the Timoshenko beam model. These natural érequencies are then
used in 2 sodal analysis to obtain the response characteristics of the bean,
The purpose ot th2 progras is to deteraine the controlling early tiase response
sode of the structural eleaent., This is accomplished by deteraining the times
at which the support shear and support banding moment reach their ujltisate
capacities., Whichever force exceeds its tapacity ¢irst, controls the early
tiae response,

The tixed-fived beam model is used because it represents very well the
one-way, early-time response of the roof slab in the buried box structure
{Ret. 7)., The inputs to the prograa include material, geometrical, and
loading parameters of the boa structure under study. These paraseters are
obtained interactively ¢ros the user before the program TIM is executed. The

output of the program is a value equal to either 0 or i, representing a direct
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shear or flexure mode respéctively. The value is written to the temporary
data file TEMP2,DAT for latér use, as shown in Figure 24,

Proqram IFPLOT. Program IFPLOT is a BASIC program whose function is to
determine the similarity of interface pressure records as discussed
previously. The program begins by showing the user the superimposed interface
pressure records and corresponding ispulse plots of the structure under study.
The user is then presented with a question concerning the sisilarity of the
superisposed plots. Because this question involves a large amount of
subjectivity, the user is allowed to view example plots representing two
possible responses. The user is also allowed to toggle between the question,
exanple plots, and actual plots as desired, before eaking a decision. As
discussed earlier, the purpose of this coaparison is to determine whether the
early-tiese response falls into the cateqory of shear, flexure, ar shear-
tlexure. The output of IFPLOT is a value between | and I (shear = |, flexure
a 2, shear-tlexure = 3}, rupresenting each of the possible sodes, and is
stored in the temporary data ¢ils TENPI.DAT.

Nith prograas TIN and IFPLOT coapleted, the data obtained fros these
analyses are transferred back to EX8YS via the program RETURN, Within EXSVE,
the data ¢éroa TIN and IFPLOT are linguistically interpreted in rules A35-48,
providing an assessaent of sarly-tiae response. An exasple rule follows,

RULE NUNBER: 43

IF:
coaplete failure of the structure is false (i.e,, the roof slab has not
been completely separated fros one or both of its supports)

and early tiee response as determined by sodified Timoshenkc bean analysis is
shear

and early tisce response as deterained by siwmilarity analysis of interface
pressure plots is shear

THEN!
early tise response as deteramined by 3 cosbination of Timoshenko beaa
analysis and interface pressure data is predominantly shear -
Probabilityel
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In the case of conflicting answers from the two programs {e.g., shear and
flexure), the response is assumed to be a combination of both., Therefore,
unless both TIM and IFPLOT produce the same answer (i.e., both shear or both
flexure), the early-time response is termed shear-flexure. This conclusion
simply iaplies that there is no overwhelning evidence to substantiate one
dominating mode., This information is used later to help determine the late-

time response of the structure.

Late Time Analysis

The calculation of late-time response of the structure in DAPS is done in
the external progras DEFLECT, as shown in the bottom halt of Figure 24, An

explanation of this prograa follows.

Progras GEFLECT, DEFLECT is a program written in BASIC, It shows the
user the deflection profiles of the underside of the rpoof slab at 3 es and 1S
as. The usefulnats n! deflection data in determining mpdes of response was
presented earlier and is implemented in DEFLECT, Only two detlection profiles
were used to illustrate the concept of late-time analysis. GQther deflection
profiles at diftferent tiaes could have been used just as easily.

Atter viewing the deflection profiles, the user is asked three guestions
(Fig. 23) concerning the sagnitude of deflection at the centerline and
deflection ratios calculated at the wall, quarter point, and centerline. To
aid the decision process, the uter is allowed to toggle between questions and
profiles in order to study them more carefully. Because the questions are
somewhat subjective, nuaerical limits on linquistic teras {e.g., “very saall
deflection® is approxieately 0.5 in) are given to aid the user in his/her
response.

The damage leval of the structure as deterained by objective inforzatian
is also calculated within the programs DEFLECT, Using Equation 3, the
deflection profile for |5 as is numerically integrated to provide a eseasure oi
overall damage. The value calculated by Equation 3, along with the answers to
the three questions, are stored in & tesporary data ¢ile, TENPA.DAT, as shoun

in Figure 24,
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Question 1

The deflection {at 15 ms) of the roof slab near t-2 wall (2 1/2 in from
face) is 5.5 in. Typically, when evaluating modes of response (especially
shear), a near-wall deflection in the range of

0.5 in is considered very small,
§-1.5 in is considered small,
.5-3.0 in is considered moderate,
3.0 in is coasidered large.

In your opinion, given this information and the deflection pruofile, which
category do you think the given deflection of 5.5 in belongs?

1. Very small
2. Small

3. Moderate
4. Large

Enter a value of 1-4, or just ENTER to view plot?
Nyestion 2

At 15 ms, the ratio of differential deflection {aear-wall deflection minus
center’ine detlection) to slab thickness is 0.29, Typically, when
avaluating modes of response (especiaily flexurs and tension membrane), a
ratic in the range of

» < 0.3 is considered in relatively flat,
= 0.3-0.6 1s considered moderataly curved,
= > 0,6 1s considered highly curved.

In your opinion, given this information aad the deflection profile, which
category do you think the qiven ratio of 0,26 belongs? :

1. Relatively tlat
2. Moderately curved
3. MHighly curved

Enter & value of 1.3, or just ENTER to view plot?

Question 3

At 15 my, the ratio of Jifferential deflection gnear-uall deflaction ainus
canteriine deflection) to slab thickness s 0.28. At 1% mg, the rytig of
diffarantial deflaction {near-wal! deflection minys the deflection 3
distance ¢ » thickness from the wall) i3 .05, The difierence Hetween thess
two ratios is 0.22, Tyvically, when evalueting mcdes of rasponse
{esoectally dlagonal tunsfon}, a difference of

= ¢ 0.15 ts considared to be omall.
« 0,15+0.30 13 considered to he avderate.
« 3 0.10 is considered to ba large.

In your cpinton, given this fnformation and the deflection profiles, shich
category do you believe the dtfference of 0.22 belongs?

1. Saal?
2. Hoderate
1. ilarye

fnter a value of -3, or Just ENTER to viaw pipi?

Figure 25. Questions in Program DEFLECT.
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Combination of Early- and Late-Time Analyses

Upon completion of the program DEFLECT, the answers are transferred back
to EXSYS via program RETURN for interpretation. Within C{SYS, rules 350-73 are
used to linguistically interpret thes answrrs obtained from DEFLECT. A typical
example is given as rula 50 in Figure 26. In rule 50, the second antecedent
deals with the early-time response o# the struéture. The answer to this
antecedent {i.e., shear or not shear) is predetermained by the early-tinme
analysis as explained previously. The third and fourth antecedents of the
rule are deterained by the external program DEFLECT., Thus, after 3ll external
programs have been run, i+ each of these antecedents is true, thea the
consequent portion of the rule is fired (i.e., late time... predominantly
shear).

This exaaple shows that, although the early-time response and the late-
tiee response are calculated in separate external prograes, the late-time
response as deterained Sy rules S0 through 73 is dependent on the combined
responses., Thus, rules 50 through 73 represent all possible coabination:z of
cutput frcoa the external prograss, and the late-tiae response i§ actually
doterained by looking at both early- and late-time responses together,

As ¢or the overall damage, the value calculated within DEFLECY using
Equation 3 is given 3 corresponding linguistit interpretation in rules 74-78,
Rule 74 is shown in Flgure 26 as an example. '

Susnary

fa this section, the sethodology used to orgénize a large probles in the
ftora of an expert systea was described. In pirticular, it was shown agw ryle-
based intormation, tulzy set theory, and calculationa] prograas with varied
tunctions can be ieplesented efficiently into & single systea to help solve a
co&plex problea. As an exaaple, the prograesing techniques used to codity
thie intorastion for structural integrity analysis of a buried box were
described.

The output of this structural integrity eodule are the aodes of response
and levels of damage as talculated by subjective and objective inforaation.
At this pouint it is iaportant to reaind the reader that the output ¥rca this

sodule is only & partial answer, This intoraation, in turn, could be used as
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RULE NUMBER: 350

1F: .
complete failure of the structure is false (i.e., the roof slab has not
been completely sepdrated from one or both of its supports)

and early-time response as determined by a combinatian aof Timoshenko beam
analysis and interface pressure data is predominantly shear = |

and the near wall deflection ac determined by the external program
DEFLECT.BAS is very small or small

and the ratio of differential deflection (near wall deflection minus
centerline deflection) to slab thickness implies a relatively flat
surface

THEN:

late-time response as determined bv deflection profiles was predominantly
shear ~ Probability=l
and C(LATE RESPONSE] IS GIVEN THE VALUE 1

RULE NUMBER: 74

IF:
complete failure of the structure is false (i.e., the root slab has not

been completely scoparatsd from one or both of its supports!
and {DAMAGE LEVEL] < ¢.2

THEN
the overall damage to the structure as retermined by deflection
information is none - Probability=!

NOTE:
The value of the varianle [DAMAGE LEVEL] is determined in the external
program DEFLECT.FOR and returned via the program RETURN.FOR.

Figure 26. Example rules for the combination of early- and
late-time analyses.
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a priori knowledge in the modules on Functionality and Repairability, as well
as being oqutput at the end, Again, the eventual gqoal is a comb;natinn of
analyses produced from each of the modules in order to provide an overall
assessment of the damaged structure. How the information from each of the
individual modules is used, is limited only by the imagination of the

developer.
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Y. AN EXAMPLE SESSION

Having detailed the background and structure of the computer code DAPS in
Sections 1 through IV, an example session is presented here in order to give
the reader a thorough understanding of how it works. in a typical case study,
the specimen used to test the prototype is usually different than those used
to develop it. Because of data limitations, however, the code will be
demonstrated by analyzing test element DS3.

The organization of this section is quite simple. Starting with the
introduction of the code, the chronology of events from program start to
program finish will be expiained using figures taken from the computer
monitor., The saveral fiqures presented throughout this section are actual
“screen dumps” taken directly from the computer, and thus represent exactly
what the user would see when sitting at the terminal.

The program is initiated by typing the words EXSYS DAPS at the DOS (disk
operating system) command level, This set of commands loads the expert system
shell EXSYS and all rules and external programs needed for execution. Tne
heqinning of a session with DAPS is marked by the appearance on the screen of
the title/author block as shown in Figure 27, 4Upon pressing any key on the
keyboard, an introduction to the code is presented to the user, as shown in
Figure 28. The introduction provides a general background on what is to caonme,
and also what information the user amust have avallable in order to use the
code,

The screen following the introduction (Fiq. 29) contains the first
question relative to the integrity of the structure. In particular, it is
trying to determine if complete failure of the structure occurred. At this
pofnt. it is important to note the text at the bottom of the screen below the
thin line., This taxt (which appears only when inside EXSYS), is a menu of
possibie actions that the user may take. The absence of this information at
the bottom of the screen indicates that the code has exited EXSYS temporarily
to an external program, Using the photographs in Appendix A as reference, the
answer to the question for test DS3 is 2; complete collapse is false.

Because the answer was false, the program immediately exits EXSYS, and
enters the program FUISET. Once inside FUISET, an explanatory screen appears
as shown in Figure 30. At this peint, the user is given the option of
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Structural damage assessment of
reinforced concrete buried boxes
subjected to impulsive blast loadings.

by:Steve J. Savage

Press any key to start:

Figure 27. Title block screen.

The following program is an initial attempt &t combining linquistic
information in the form of expert opinion on damage assessement, with crisp
numerical data cbtained from instrumentation waveforms. This program is not an
end product as such, but rather a demonstration tool of what can possibly be
acheived using expert system techniques in attacking such & problem. The
program makes several calls to external programs which take from a few seconds
up to several minutes, 80 please be patient with the system,

The first portion of the code deals with the structural integrity anslysis
of the structure thru the use of visual information, therefore, the user will
need have chserved or incpected the structure, or have visual information in
the form of photographic data availasble.

The second portion of the code deals with structural integrity analysis of
the structure via numerical data. Most of the hard data has been stored
{nternally in the form of data ¢iles, but some {nformation must be derived
trom the user. Plwase have the following information available relating to the
material, geometrical, and loading parameters of the structure ! beam density,
shear modulus, rocof slab clear span length, slab thickness, poisson's ratio,
damping coefficient, concrete compressive strenqQth, steel yield stress,
percentage steel ratio, maximum slab overpressure, load rise time, and load
duration.

Pragcs Any>k|y to start:

Figure 28. Introduction to DAPS.
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complete failure of the structure is
1 true (i.e;, the roof slab has been completely separated from one or
both of its supports}
2 false (i.e., the roof slab has not been completely separated from one
or both of its supports)

Enter number(e) of value(s), WHY for information on the rule,
QUIT to save data entered, <ESC> for edit mode or <H> for help

Figure 29. Determination of failure.

In a moment you will be asked 10 questions pertaining to the structural
integrity of the buried box structure, These guestions will deal with the
DAMAGE LEVEL of differant features cbtained thru visual inspection of the
damaged structure. The possible responses to these questions will be:

} none

} slight

)} modarate
) severe

) very sxtensive
} unknown

e o s e+ .

CUeUN—

For sach of these linguistic terms, there is stored In a data fille a
corresponding fuzzy set representation, These fuzzy sets will be used

in a furzy-weighted—-average algorithm to determine modes of damage and
assoclated levels of darage in esach mode. If you want to see these fuzzy
set representations (with the cholce of changing them {4 you disagree),
simply answar yes to the following question.

Do you want to see the furzy set representations
{y & view/change, n = continue with program) ? vy

Figure 30. Introduction to FUZZSET.
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e

viewing/changing the fuzzy sets that will represent the linquistic damage
levels described in Section IV, Having chosen yes as the response, Figure 31
appears. These two screens are used as a preview of the fuzzy sets to conme.
As described in the figure, these examples are given for comparative purposes
only, The code then goes on to show the fuzzy sets for each of the linquistic -
terms: none, slight, moderate, severe, very extensive, and unknown. An
example showing the screen for "moderate damage" is shown in Figqure 32,

The major goal of program FUZSET is the determination of structural
damage as obtained from subjective information, In order to complete this
task, the program begins the interrogation of the user concerning the damage
level of the ten structural attributes discussed in Section [II. The
introduction to that process is given in Figure 33. The remainder of program
FUISET is gssentially a question and answer session, in which the user
provides the necessary level of damage for each of the ten structural
attributes, The standardized question format is shown in Figure 34, \MNote
that as one of the responses, the user is allowed to view and/or change the
fuz2y relations as outlined in Section IV,

1+ the viewer chooses 7 (view/change), he/she is greeted with Figure 335,
which explains how the view/change option works. Upaon choosing a damage level
to view, the program retrieves the four fuzzy relationship (one for each mode)
data files that the user has requested. Sample screens relating structural
attribute number one to shear and flexure are shown in Figure 34, Once the
user has finished viewing/changing a given set of relationships, Figure 37
appears, and the user has the option to view/change fuzzy relations at
di fferent damage levels, or to just answer the original question., In this
case, the option to continue was picked, and a value of severe was chosen for
structural attribute number one (Example session values: 4,3,2,3,2,3,1,5,{,2).

This process may be repeated for each of the ten attributes, or the user
may simply answer the questions as they are presented. In this manner, the
other nine questions were answered with appropriate responses for test DS3,
Upon completion of all questions, the program FUISET is exited, and the
program COMBIN is run in order to analyze the information using the DSW
algoritha, When the DSW algorithm is completed, the code returns to EXSYS
where it asks the user (Fig, 38) if he/she would like to view the results
cbtained in COMBIN, If yes, the program COLORPLT is executed, and the
calculated damage levels for each mode are displayed, e.g. see Figure 39.
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Comparative examples of Linguistic
terms describing Levels of Damage

Screen 1
1] (T
0 SLIGHT MO
DAMAGE DAMAGE DR&EE%E

PRESS ANY KEY

Comparative examples of Linguistic
terms describing Levels of Damage

Screen 2
] (]
S
SEVERE VERY TOTAL
DAMAGE EXTENSIVE FAILURE
DAMAGE

PRESS ANY KEY

Figure 31. Graphical representation of linyuistic terms.
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etk ook {4

—_—> DAMAGE GRADE
The gxuen %paph is the fuzzy set

representation of the linguistic
term ! MODERATE DAMAGE

Enter ¢ to change the relation, n for
ﬁhe next damage level, or e to exit: ? e

Figure 32. Fuzzy set representation of "Moderate Damage."

1 am now Quing to ask you 10 questions concerning the level
of damage of structural parameters related to structural
integrity of the buried box, Your responsss will be combined
with expert opinion relating these same structural parameters
to modes of response. This information on expert cpinton is
stored in data files in the form of fuzay sets.

Press ENTER to continue ?

Figure 33. Introduction to subjective questions.
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The level or amount of gpalling and loss of concrete/rebar
interaction on the bottom side of the main slab (central 1/3
to 1/2 spanm) is needed.

Depending on the amount or level of damage associated with
this parameter, a fuzzy relation (as determined by expert
opinion) between the given parametsr and the different modes
of deformation will be added to a data file for later manipul-

. ation., You may elither choose the appropriate answer to the
question, or you may request to view and/o~ change the relation-
ships as ocutlined above, before making a decision.

CHOICES:
1) negligible
2) slight
3) moderate
4) severe
3) very extensive {(concrete core in chunks. etc..)
&)  unknown
7} View and/or change fuzzy relations

| Please enter the number of your cholce 1 ? 7 |t

W

Figure 34. Typical format of structural attribute questions.

The current structural parameter (s: sepalling and loss of goncrete/rebar
interaction on the bottom side of the aain slab (ceniral 173
to 1/2 span)

The fuzzy relation betwewn the given structural parameter and
the di¢ferent modes Of deformation may be diéferent $or oach
level of¢ damage. Tharefore, betfore viewing/changing any of
these relatisns, you must choosm a specisic level of damage
to have displayed.
The choices again aret 1) None

2) Slight

3) Moderate

4) Severe

S) Very sxtensive

&) Unknown

Which damage level (ve. glven structural psrameter) would vou like to
look at ? 3

Figure 35. Preview of view/change option.
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A0 E 8.6 -
] R R 1
N § 8.4 -
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¥ [ 0.2 -
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eca | 1 t L b i i } 1
none L 2 3 .4 5 6 7 8 9 total
DEGREE (F RSSOCIMION/REIAIION BETNEEN GIVEN STRUCTURAL
PARAMETER & SHEAR
GIVEN STRUCTURAL PARAMEIEIR: spalling and loss of concrete/peban
interaction on the hottow side of the main slab (centmal 1/3
to 1/2 span) is: MODERRIE

Inter n to view next mode relation, or ¢ to change this fuzzy relation
(MIE: It gou change this relation you will not influence sinilar relations for
other structural paraneters, damage modes, and damage levels. You only change
ihe relation betveen the parameter, damage level, and danage wode Shown above)?
C N 1.0
£ K 1
R N 0.8 -
1 B 1
? g E 0.6 "
N § 044
1 H ]
¥ | 0.2 1

4

0.0 f

non total

DEGREK OF nssgl%wmngn BETHEEN GWEN SIRIJCIURQL

GIUEN STRUCIURAL PARAMETER: spalling and loss of ¢ ?nmta/rebar
intepaction on the tton side or the main slab (central 1/3
to 1/2 span) is: NODERAIE

Enter n to view next wode relation, or ¢ to change thif fuzzy relation
(NOTE: l you change this relation you vill ngt mtluence SIN }u relat xons for
other strustural paraneters, damage modes, fmge evels, sgon y chan
ihe relation between the parameter, damage level, and damage mode shown abo

Figure 36. Typical fuzzy set relation of mode versus
structural attribute.
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You may now Vtew/bﬁange the other fuziy damage relationg for
the current structural parameter at a different level of damage,
or continue the program and simply choose an appropriate

level of damage to answer the question.

Your choice is (v = view/change ¢ = continue) ? <

The level of damage of spalling and loss of concrete/rebar
interaction on the bottom side of the main slab (central /3
to /2 span) is @

1) None

2) Slight

3) Modaerate

4) Severe

J) Very extensive
6) Unknown

Enter the number of your choice: ? 4

Figure 37. Exiting from the view/change option.

the user would like 20 see the resulte of the DSW combination process just
completed, i.®,, the calculated (furzy set) lavels of damage for each acde s
b

1 yes - please show thea

2 no - continue program execution

Enter "uaber(e) of value(s), WHY fpr tnétarmation on the rule,
QUIT to save data entered, <ESC> for edit mode or <H> for help

Figure 38. Typical format of an EXSYS question.

.
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Figure 39. Results of Program COMBIN as shown by COLORPLT.
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The completion of COLORPLY signals an end to the subjective information
analysis, and the code returns to EXSYS. 1Inside EXSYS, the answers obtained
in COMBIN are linquistically interpreted and presented to the user in the fora
of rules. In test DS3, the damage sustained in'a shear mode was slight, and
the overall damage to the structure is severe, as shown in Figures 340 and 41
respectively.

The next step in the analysis process is initiated when EXSYS calls the
external program YIM. As discussed in Section [V, the program TIM evaluates
the early-tiame response of the structure using a Timoshenko beaa agdel. Input
to the program is interactive and includes the material, geometrical, and
loading paramseters shown in Figure 42, All input for test DS3 car be found in
Section 1. The analysis of the data in program TIM takes approximately %
ain, atter which it returns to EXSYS,

The second step in the eariy-tiee analysis is accoaplished through the
use of prograa IFPLOT. Fiqure 43 shows the introduction provided to the ussr.
Atter viewing this introduction, the pressure/iepulse versus tiae plots for
the given structure are presented to the user as shown in Figuras 44 and 45,
respactively. In Figure &6, the user is ouestionsd as to the similarity of
the plots just viewed. As options, the user ig aliowed to look at exaseple
piots (Figs. 9. and 101 representing case | and case 2, or to raturn to the
plots to study. thea more carefully Lefore answericg. Rs ¢an be seen in
Figqures 44 and 45, the best answer ¢or test D53 is 3, {.e., no gignificant
sisilarity. '

Folloming the early-tise analysis, EX5YS begins the late-tise analvsis by
exdcuting prograe DEFLECT. The introduttion to this program is givens in
Fiqure 47. In Fiqure 40 the user is presentod with the deflection proéiles of
the danaged structure at J as and 1S ar. Atter viewing thig plot, the user is
asked three yuestiocns pertaining to the deflection profile, one of which is
shown in Figure 49. Although the answers to these guestions would at first
seem obvious, in the event 3 value is berderline between two linguistic
tlasses, the intuitive opinion of the usar is quite useful.

Once DEFLECY is coapleted, control is returned to EXSYS, Since DEFLECT
is the final external program to be executed, the only task resaining is ¢or
EXSYS to analy2e the infnrmation obtained from the hard data external
functions. This task, as discussed in Section IV, is accomplished ttrough the

use of several ryles. As an exaaple, Figures 50 and 51 show rules b4 and 78
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Min NUM3ER: 14

1

'

(1 complete fallure of the structure is false (i.e.,, the roof slab has
not beern completely separated from one or both of its supports)
and (2) shear damage i3 2light
THEN:

the damage to the structure associated with shear response as
determined by structural integrity analysls from visual
information {s slight - Probability=}

NGTE: The actual analysis procedure stated above is a fuzzy-weighted average
algorithm implemented in a FORTRAN computer program. The damage levels of
the 10 structural integrity parameters supplied by the user are cosbined
by weighting them with expert knowledqge relating modes of failurwe to
these same parameters.

IF line # for derivation, <K>-known data, <C:~thoi€$ﬁ
or =~ gprev. or next rule, (Jd-jump, (H>-nelp or <ENTERD to continue:

Figure 40. Yypisal rule explaining damage related to
© 2 given mods.

AULE NUMBER: 40

{#:
(3R} complets fallure of the structurs is false (il.e., the rooé sladb nhas
Aot been completely separated érom ane or Hoth of its supports)
ans  {2) overall damage i severwn
THEN:

the bverall level of damage 20 the structure ss Jeterained by
structural integrity analysise froa visual inégraation is severe -
Prababilitye}

ROTYE: The actual analysis procedure stated above 1& & fuzly-welghted average
alqoritha japlenented in a FORTRAN cosputer progras, The daeaqQe levels of
the 10 structural integrity parameters supplied by the users are combined
by weighting thea with gagert knowledge relating sgdes of failure to
these same Darameters. The cverall
damage ie sssumad RO be the lardest damage level from wach of the 3 apdes
- shear, ¢lewure, diagonal tansion, tensicn agebrane,

IF line 8 (o derivation, (K>-known Jata, (C)-chaices
or = prev. oF nest rule, (Jd-jump, CHI-help or C(ENTER> to continue:

Figure 41. Typical rule explaining overall damage.
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I 2am now gorng to evaluate the early time response of the structures

asing o modified Timoshenko beam analysie. Before 1 can do this, however,

I will need the vaiues tor the tollowing material, geometrical, and loading
properties:

Eean density

Shear modulus

3lab length

Slab thickness

Shear deformation coefficient
Foisson ratio

Damping coefficient

Concrete compresssive strength
Steel yvield stress
Reinforcing ratio

Maximum slab overpressure
Load rise time

Load duration time

What is the value of the beam density (lb s¥X2 / inXx¥4]
LOOO225 .

{s this value correct {y or n) 7

%

~ Figure 42. Introduction to Program TIM.

In 3 mpment you will be shown & pressure va, tima plot
and an impulse vs. (ime nlot of a test specified by you.
The interéace pressure and corresponuing impulse at the
center line, near the suppourt, and ocver the support will be
super . mbased on each other. The purposa of this is to
detarmine the similarity of the response at different
locations, The similarity of pressure/impulse at different
locations is helpful in determining the injit{al response
made,

Atter viewing the pressure ve, time plot and the
impulse ve, time plots you will ba askad a question
pertaining to che above mentioned similarily., You may either
nswer the quastion promptly, or view tho plots again {n
order t0 study them more carsfully betfore producing an
answer.

STRIKE ANY KEV YO CONTINUE

Figure 43. 1Introduction to Program IFPLOT.

87




[ -UMM—\NM

£0880
| o —
P o 4 &
»
e - _ TEST #3
s
o s
u ¥
n n
e
. -
1
n—
£ T 3
I - 1 STRIKE ANY KEY
8+ 2
1 L. ..t .y 1
a 1 2 3 .4 S & 7 g 9
Time in milliseconds

Figure 44. Interface pressure versus time at three
locations.
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Figure 45. Impulse versus time plots at three locations.
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QUESTION:
In your opinion, which of the cases below best describes the given plots ?

Case 1 - Pressure/impulse plots at: location I closely resembles
location 3, AND location 2 is significantly different
than both 1 andg 3.

R Cagse 2 - Prassure/impulse plots at: location 2 clogely resembles
location 3, AND location | is significaantly different
than both 2 and 3.

Case 3 - The plots sugqest that the similarity of pressure/impulse
is somewhat between conditions ! and 2 above (i.e., nec
significant similarity exists as stated above).

NOTE: As this i3 & very subjective question, you may
view two example plots that in the authors opinion,
represent cases 1| and 2. This may aid you in making your
decision. 1If you would like to view these examples
choose e’ below.

YOUR CHOICE (1,2,3, @ for example, or ¢ to view the plots again): 3

———

Figure 46. IFPLOT question concerning interface pressure
plot similarity.

In a momant, you will be shown the deflection profiles of the
underside of the roof slab at 3 and 15 msec after initial loading.
You will be asked for the particular test number you’'re assessing.
Along with the deflection profiles, you will be asked a few
questions pertaining to this plot. As you answer the questions,
you may want to view the deflection profiles first; therefore,

you may use the ENTER key to togqlie back and forth betwean the
questions and the plot.

Press ENTER to continue?

Figure 47. Introduction to Program DEFLECT.
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Press enter to view questions? B

Figure 48. Typical deflection profiles at 3 and 15 ms.

At 13 msec, the ratio of differential deflection (near wall deflection
minus centerline deflection) to slab thickness is .28 .

Typically, when evaluating modes of response (especlally flexure

and tension membrane), a ratio in the range of:

< 0.3 i{s considered relatively flat
0.3 -~ 0.6 is considered moderately curved
> 0.6 18 considered highly curved

aamn

In your opinion, given this information and the deflection profile,
which category do you think the given ratic of .28 bLelongs ¢

1.) Relatively flat

2.) Moderately curved
3.) Highly curved

Enter a value of 1-3, or just ENTER to view plot ? 1

Figure 49. Question 2 in Program DEFLECT.
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RULE NUMBER: 64
IF:
(89 complete failure of the structure is false (i.e., the roof slab has

not been completely separated from one or both of {ts supports)

and () early time response as determined by a combination of Timoshenko
beam analysis and interface pressure data falls into the vaque area
of flexure-shear = 1

and (3) the near wall deflection as determined by the sxternal program
DEFLECT.BAS is moderate or large

and (§) the ratio of differential deflection (near wall deflection minus
centerling deflection) to slab thickneas implies a relatively flat
surface

THEN:
late time response as determined by deflection profilea was
predominantly shear (even thouqh early response did not show
overwhelming evidence to this) with some residual flexure -
Probabiiity=}

ang (LATE RESPONSE] 1S GIVEN THE VALUE 1\

IF line ® for derivation, <K>-known data, <Cd>-choices

or =~ prev, or next rule, <J>=jump, <H)>-help or <ENTER> to continue:

Figure 50. Typical rule interpreting late-time response.

RULE NUMBER: 70

IF:
t1) complete fallure Of the structure is false (l.0., the rodt slab has
not bewn caspletely separated $roa one OF Doth of Lts supporte)
and  t2) (DAMAGE LEVEL] > 1,0
THEN:

the overall camage RO the structure as deterained by deflection
intormation Is very sxtansive ~ Probabilityw)

NDTE: the value of the variable (DAMAGE LEVEL) Le determined In the external
program DEFLECT.FOR and returned via the progras RETURN.FOR. The value ot
the variahle ie computed as the integral of the deflection tover the
length o the slab) at 18 meec. divided by length times thickness (to
produce a diasgnsionless parsseter).

tF line ® for derivation, (K>-kndwn data, <Cd-cholces
or =~ prev, o next rule, <JX-jusp, <(HI-help or CENTER> to continue!

Figure S1. Typical rule interpreting overall damage to the
structure as determined by the hard data.

91




.

which Bescribe the modes of response and overall damage of the structure,
respectively, Finally, all important information derived throughout the
session is given as output at the end of the run as shown in Figure 52. At
this point, the user may either end the session or use the menu at the hottom
of the page to explore the answers. By using the facilities within EXSYS, the
user is able to back-chain through the rules in order to see how a particular

piece of infornation was derived.
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o p

‘Jalues based on 0/1 system

the external program FUISET.BAS has been run

the external program COMBIN.FOR has been run

the external program PLOT.BAS has been run

the damaqe to the structure associated with shear response as
determined by structural integrity analvsis from visual
information is slight

the damage to the structure associated with diagonal tension
response as determined by structural integrity analysis from
visual information is slight

the damage to the structure associated with a flexure response
as determined by structural integrity analysis from visual
information is moderate

the damage to the structure associated with tensile membrane
response as determined by structural integrity analysis from
vigual information is severe

the overall level of damage to the structure as determined by
structural integrity analysis #from visual information is
severe

the external program TIM.FOR has been run

the external program 1FPLOT.BAS has been run

Press any key for more:

VALUE

t-—-n-ﬂ-—

1

12
i3

14

Values based on Q71 syetem

early time responem &3 determined by a comdination of
Timoshanko beam analysie and intertace oressure data falls
{nto the vaQue area of ¢lexure=shear

the external program DEFLECY.BAS nas deen run

late tisg respgonee as deterained Dy detlection protiles was
predoalnantly sheer (even though esrly response Gld not show
overwhelaling evidence to thin) with sose residusl flenure
the overail dasoage to the structure as detersined by
deflection intsreation (s very extensive

All cholces (A>, only 14 valuedl <B), Print ¢P)>, Change ang rerun {0,

rules used (line nusaber>, Quit/save <G, Help ¢(H>, Done <D>:

Figure 52. OQutput of DAPS for Test DS3.
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VI. REVIEW, .CONCLUSIONS, AND RECOMMENDATIONS

REVIEW ~

Structural damage assesument of buried protective structures is a very
coaplex subject which is imbued with a large amount of uncertainty and
vagueness., This is due to the fact that such ot the inforsation used in the
analysis process is derived from expert opinion and uncertain numerical data.
Because of this, a new approach for coabining this type of information was
studied. 0+ particular interest was the feasibility of incorporating both
soft data in the tora of expert opinion and hard data produced from
instrusentation waveforms into a structural damage assessaent code.

The data base used in this study is derived from a series of eiperimental
tests conducted in 19681 and 1982 on eleven buried reinéorced concrete boxes.
The boxes were suybjected to extreaely high japulsive blast pressures and thus
sustained levels of damage ranging between slight degradation and coaplete
collapse. MNajor sodes of response observed in the test structures included
direct shear at the supports, flexure of the aain slabd, and tension aonbrant.
at both supports and aidepan induced by large deflections. GCEvidence of al)
these sodes of response were obtained ¢rom experimental data comprised ot
{oterface pressure data, strain data, and deflection intorastion obtained ¢ros
high- speed photography. '

The framework developed in this report is incorporated in a rule-based
sxpert systea approath. In an expert systea scheme, dié¢éicult problemss are
subdivided into smaller probless, which in turn are represented in antecedent-
consequent pairs as rules. These rules are combined with othe” data angd
 1niornation to tora what is called the knowledge base. The processing and
analysis of this inforsation is controlled through an inference aechanisa,
swhich retrieves necessary inforaation fros the user or the knowledge base
using either backward or torward chaining,

In this study, an analysis of structural integrity of the buried box
tlement was accoaplished using the expert systes chell EXSYS as the control
sechanise to coesbine subjective and objective inforastion and as 2 sechanisa
to chain through the rule base., Expert opinion on damage assessaent obtained

from questionnaires was used as the basis for the subjective portion of¢ the
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code. Because this type of information is vague and uncertain, fuzzy set
theory was used to quantify linguistic variables. Alsp, because of the size
and complexity of the problem, a numerical method 1in the fora of a fuzzy-
weighted-average algoritha was used instead of rules to synthesize the
subjective information. ’

Objective data, on the other hand, was cbtained through the use of
external programs which “reach out" and “hook" numerical information from
digitized waveforas. This inforaation is then passed back to the rule-based

inference module where it is analyzed or interpreted through the use of rules.
CONCLUSIONS

The basic purpose of this report was to study the teasibility of using an
expert systes approach in the area of survivability and vulnerability analys.s
of buried protective structures. RAs such, several interesting conclusions nay
be drawn from this work,

First, the assessment 0f damage to protective facilities is a highly
complex problea requiring innovative analysis techniques for three reasons.
One, due to the extreae nature of the short-lived transient loading condition,
sany factors affect the dynaeic response of the structure. These factors
include loading parameters such as peak pressyre and rise time, salerial
properties like concrete strength and scil type, and geometrical properties
like length~to-oepth ratio, end restraint, and depth of soil overburden.
Because of the interaction ot these varjous paraseters, asodes of response
which are unique to this problea (direct shear for example) can be induced in
the structure. Two, damage assessaent is a fundamentally subjective concept
and thus requires the use of linguistic interpretation and engineering
judquent to analyze the problem, This adds to the cosplexity of the situation
because both linquistic inforeaation and engineering judqeent are inherently
di¢ticylt to quentify, Three, an overall assessaent of the structure cannot
rely on structural integrity analysis alone but aust also include the concepts
of functionality and repairability for cospleteness. Analysis is complicated
turther when it is also realized that each of these concepts aay be
intervelated.

Second, although the inforsation obtained érom expert opinion can be
quite useful, the decomposition of this information is no trivial task.
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Problems encountered includes interpreting linguistic teras; uncertainty in
expert opinion; deciphering different terminology used to describe the same
concepty and subdividing and organizing the information into a ameaningtul
structure. Also, if the problea (to which the information will be applied) is
sufficiently complex, difficulties such as the combinatorial explosion
described in Section IV may arise. In this particular case, the probles was
circuasvented through the use ot a fuzzy-weighted-average algorithm, rather
than the conventional rule-based format.

Third, although the tera “"objective data" was used in this work to
describe nueerical intormation obtained érom instrumentation waveforas, it was
found that thes¢ data do contain some inherent subjectivity, The subjectivity
arises when we try to use discrete numerical quantities derived ¢roes
cantinuous functions, For exaeple, discrete values of deflection are used in
Section IV to describe variocus sodes af damage. Deflection of the rooé siad
at any Qiven point, however, is a function o¢ both time and position.
Thereéore, th: choice of a discrete deflection value is a subjective decision.
The approach used in this report was to use engineering judgaent to classify
the various nuserical quantities into diééerent linnutslaic levels, then
proceed with the andlysis using these linquistic values.

Fourth, a careful analysis ot the probles and a roview of the literature
reveals that typical analytical asethods (deflection ralios, dissipated
hysteretic snergy, etc.) eaploysd in describing levels of damage, have liajted
use in the case under study, Calculation of diftferent dasage acasures
revealed that, at the present tise, not endugh is known about late-tise
eétects on siructural response produced by thanges in loading, saterial, and
Qeometrical paraseters. For example, a siaple dasage sedsure using energy and
jepulse was calculated at two points aloag the roof span. #lthough the
aeasure predicted damage well ~ithin a group coantaining siailar geometrical
and saterial parameters, it was not able to predict dasage when these
paramaters were changed. Therefore, without an ungerstanding of paraseter
ettects on response, developing a3 Qood measure of structural daeage is
diftticult.

Fi¢th, the theory of fuzzy sets ran be quite eféective in interpreting
linguistic intorsation that is either vague, iaprecise, or uncertain, The
assignment of fuzzy sets to linguistic tereas and the ccabination of these
quantities is a straighttorward procedure. The major difficulty in
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confronting this situation is that of providing linguistic terams for
caleulated fuzzy sets. Equation & was used in this study to provide a
relative measure of similarity between sets. In the event that a calculated
fuzzy set talls between two predefined fuzzy sets, the equation simeply assigns
the linguistic term corresponding to the more similar of the two. 1In
practice, however, a better approach would be to assign a lingquistic tera
which is a cospromise of the two, Thus, although Equation 6 is adequate for
denonstration purposes, other techniques could be develuped which would better
interpret results obtained ¢from ¢uzzy operations.

Sixth, although quite useful for some parts of a probles, a rule-based
format is not feasible in certain cases where the interrelationship of a large
nuaber of variables makes the problea too coaplex. Such a problea was
described in Section [V concerning the experts’ opinion. However, the use of
expert systes techniques allows the integration of such situations into the
problea. In this case, the probles was circusvented thrpugh the use of an
eiternal prograam which manipulated and costined the data. Similarly, other
types of strategies can be eeployed in the solution of a problea, Besigdes
those discussed in this report, other tools such as ¢inite element codes or
pattern recognition techniques (Retw, 8.9)'could also be used.

RECONNENDAT LONS

Based on the intorsation learned from this study, the {ollowing
recossenddtions are presented tor possidle future work.

1. Because of tise coOnstraints, it was not possible to test the tode on
structures other than those in the NES dynamic test series. Tharetore, the
code should be tested against another test series in order to determine its
strengths and weakneases.

2. At was shown in Fiqure 17, the work undertaken in this report
coaprises only the structural integrity sodule. ln order %0 Complete the
code, sodules on functionality and rep . .radility should also be developed.

3. The only objective data used in this study included intertace
pressures and deflection proiiles. As divcussed in Section [1l, other
odjective data are availadle and should be studied for possible inclusion intg
the hard data section in order to make it sore cosplete. The possidility oi

using pattern recognition procedures on the data should be eaplored.
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4, The expert matrix (E) described in Section IV was developed using the
authors’ opinions as its basis. A final version of the matrix, however,
should be coaposed of the opinions af several experts. The information used
to 111 this matrix was collected through the use of a second questionnaire
sent to seven experts, but tise constraints did not perait its inclusion in
this report. Theretore, analysis of the information and integration into the
code should be accoaplished.

5. R detailed parasetric study should be conducted to determine the
etfects of di‘terent parameters {(load intensity, concrete strength. length-ta-
depth ratio, and reinforcing ratio) on the late-time response of the
structure. An early-time analysis capability currently exits in DAPS. With
the incorporation of a late-time analysis to coaplement the existing early-
tise analysis, a study of suitable damage level ameasures can be undertaken,

6. Hore work needs to be done in the area of similarity and difference
aeasures, Specifically, better techniques are needed for converting

calculated tuzzy cets into meaningful linguistic interpretatioms.
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APPENDIX A
PHOTOGRAPHS OF DAMAGED STRUCTURES
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Posttest photograph of Test Element DS2.

Figure A-2.
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Posttest photograph of Test Element DS4.

FPigure A-4.
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Figure A-8. Posttest photograph of Test Element DS2-2.
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Figure A-9.

Posttest photograph of Test Element DS2-2
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Figure A=l10. Posttest photograph of Test Element DS2-3,
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.Figure A-11, Posttest photograph of Test Element DS2-4.
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Figure a-13.

Posttest photograph of Test Element DS2-6.
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APPENDIX B
EXPLANATION UF EXSYS FEATURES

EXSYS is a generalized expert system development package. The package
runs on IBM PC or compatible-type computers with 236K RAM or greater. EXSYS
can create about 700 rules, with an average of & or 7 cunditions, per 64K of
memory over 192K. This is roughly 5000 rulss in a PC with 440K RAM. Some of
the ubre important features of EXSYS are detailed here.

EDITOR

Expert systems are generated in EXSYS using a rule editor progranm called

EDITXS. This editor enables you to easily edit rules along with providing a
sieple and rapid way of putting rules into the computer and testing the rules
as they are generated. Rules are input into the knowledge base through the
use of several menus and templates. All linguistic input is in the form of
normal human language, and thus no computer languages or special procedures
need be learned before using it. This feature makes the use of expert systenm

shells very appealing to both novices and experienced computer programmers,

t The fcrmat of a rule entered into EXSYS is as #cllows:
IF:
Conditions
THEN:
Conditions
and Choices
ELSE:
Conditions
and Choices
NOTE§ ==---=-cmeemcmaaaenenaenes
REFERENCES: =mem==-=rmecccccacenenn-

"Condition" - A condition is simply a statement of fact. [In EXSYS, there are

two main types of conditionsy text and mathematical. A text condition is a

s -
"

-
-

sent: -': that may be true or false, The condition is made up of two parts, a

e

e A0

T T o
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Qualifier and one or more Values. The Qualifier is usually the part of the
condition up to and including the vert, The Values are the possible

completions of the sentence started by the Qualifier.

“Choices" - Choices are all the possible solutions to the problem among which
the expert system will decide. The goal of EXSYS is to select the most likely
chdice based on input data or to provide a list of possible choices arranged

in order of likelihood.

CALCULATIONAL SYSTEMS
EXSYS has three built in calculational systems for handling uncertainty

in Qualiftier and Choice decisions.

0 or 1 system - this system should he used when the choice or gqualifier is
perftectly true or pertectly false. There is no ranking of acceptable choices

in this system, it is a sieple yes or no situation.

0 - 10 system - thig is the most generally useful system, especially if
probabilistic rules are used (e.g., if a condition is true, there is an 80
likelinhood that chaice X is appropriatel. Values of 0 and 10 allow you to
conpletely eliminate (0) or detinitely include (10) a choice., The remaining

values of 1{-9 are averaged over the rules used.

-100 to +100 - this system is similar to the 0-10 system, except it allows
data to be combined as independent or dependent probabilities, [+ the rule
base is such that precise statistical data are available, then use this

systenm,

MATHEMATICAL EXPRESSIONS AND VARIABLES

While many expert systeas can be developed without the use of numeric

variables, the ability to calculate numeric. variables is a powerful tool.

Even if mathematical calculations are not needed in the expert system, numeric
variables can be used to #lag text for display at the end of a run.
Hathematical expressions containing variables can be used to derive
intormation in the IF and THEN portions of the rule just like any other

qualifier. Variables may be either string ar numeric, Mathematical
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expressions involving numeric variables can be combined using the basic
algebraic operations (+,-,/,%), trigonometric operations, exponentiation, and

others.

EXTERNAL PROGRAMS

External programs can be called from within EXSYS for data acquisition

and calculation, and then can be passed back to EXSYS for analysis. EXSYS can
directly receive data from automatic testing equipment, data bases, spread
sheets, and dedicated programs. The process involved in calling external
programs to get the value for a specific gualifiers or numeric variables is
quite simple. Each qualifier or variable has an explanatory test associated
with it, 1In order to run an external program, it is necessary only to start

the text associated with the qualifier/variable with:

RUN(filename)

where "filename" is the name of the external program to run. Data are passed
to external programs via the file PASS.DAT and returned via the file
RETURN.DAT. Theretfore, the program must only be able to read and write to

these disk files.

INFERENCE MECHANISM

The different types of inference mechanisms (forward and backward
chaining) were described in Section IV. A newly added feature of EXSYS that
makes it very powerful is the ability to use either forward or backward
chalning or combinations of both. The choice of interencing schemes is chosen

before running the expert system as part of the command line options.

EXPLANATION FEATURES
At the end of an EXSYS run, or when a rule is displayed, or information

is asked of the user, the user has the option of asking the computer one of
several things:

{. The computer may display the rule or rules that allowed it to derive
the information, A rule used for derivation will have intormation about the
condition the user i{g asking for in its THEN part. The user may then continue

asking how the computer knew that the rule’s IF conditions were true and so
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on, If asked about a condition that is an algebraic expression, the values of
the variables in the expression will be displayed.. The user may then ask how
these values were derived by entering the nunbé} of the variable,

2. The computer may respond that you told it the information was true.

3. The computer may raspond that it does not yet know if the condition
is true.

4, 14 the infaormation came from an external program, EXSYS will give the

prograa name from which it came.
The fedtures outlined here are but a few of the capabilities of EXSYS. For

further information, see the owner’s manual, or contact EXSYS at: EXSYS, Inc.,
P.0. Box 75138, Contr. Sta. 14, Albuquerque, NM 87194, (505) 836-6476.
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APPENDIX C
RULES

Subjects:s Structural damage assessment of reinforced concrete buried boxes

subjected to impulsive blast loadings.

Author: Steve J. Savage

Starting text:

The following program is an initial attempt at combining linguistic
information in the form of expert opinion on damage assessment with crisp
numerical data obtained from instrumentation waveforms. This program is not
an end product as such, but rather a demonstration tool of what can possibly
be achieved using expert system techniques in attacking such a problem., The
progran makes several calls to external programs which take from a few seconds
up to several minutey, so please be patient with the systes.

The #irst portion of the code deals with the structural integrity
analysis of the structure through the use of visual inforaationj therefore,
the user will need to have ohserved or inspected the structure or have visual
inforsation in the form of photographic data available.

The second portion aof the code deals with structural integrity analysis
o¢ the structure via numerical data. Most of the hard data have been stored
internally in the fora of data files, but some intormation aust bpe derived
troa the user. Please have the ¢ollowing information available relating to
the aaterial, geometrical, and loading parameters of the structure i beanm
density, shear modulus, roof slab clear span length, slab thickness, Poisson's
ratio, damping coeféicient, concrete coapressive strength, steel yield stress,
percentage steel ratio, saximua slab overpressure, Joad rise tiae, and load

duration.

Ending text:

The information to follow is the output froa the program DAPS. At the
present tiae, the only information to be output is the damage level to the
structure and sost likely modes of deformation as determined by: 1) structural
integrity analysis via soft data , and 2) structural integrity analysis via

hard data. All applicable rules are used in data derivations,
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RULE NUMBER: 1

IF:
complete failure of the structure is true (i.e., the roof slab has been
completely separated from one or both‘of its supports)

THEN:
(FAILURE MODES] IS GIVEN THE VALUE “NOT KNOWN"
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RULE NUMBER: 2

IF:
complete failure ot the structure is true (i.e., the roof slab has been
completely separated from one or both of its supports)

and the failure has otcurred at the slab-wall connection

and the separated slab is lying flat on the floor (implying a symmetric
tailure)

and the fajilure surfacel(s) at both supports are relatively “clean" with a
single surtace failure

and the inclination of the failure surtace(s) at both sjdes are relatively
vertical

and inspection of the failure reqion indicates the main reinforcing bars
have been aostly severed or sheared off

THEN:
damage level as determined by structural integrity analysis ¢roa visual
intormation is total failure - Probabilitys]

and the mode{s} involved in the deformation process as determined by visual
(subjective) information was predominantly direct shear - Probabilitys!

and (FAILURE MODES) IS GIVEN THE VALUE “KNOWN*
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RULE NUMBER: 3

conplete failure of the structure is true (i.e., the root slab has been
cospletely separated froa one or both of {ts supports)

and the ¢allure has occurred at the slab-wall connection

and the separated slab is lying ¢lat on the floor (isplying a syasetric
failure)

and the fajlure surface(s) at both supports are relatively “clean” with a
single surtace failure

and the inclination ot the ¢ailure surface(s) at both sides are relatively
inclined or unclear

and inspection ot the failure region indicates the main reinforcing bars
exhibited rupture after significant detareation (note “necking® or
stretching)
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THEN: .
damage level as determined by structural integrity analysis from visual
information is total failure - Probability=1

and the mode(s) involved in the detormation process as deterpined by visual
(subjective) information was predominantly diagonal tension -
Probability=!

and (FAILURE MODES] IS GIVEN THE VALUE "KNOWN"
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RULE NUMBER: 4

conplete failure of the structure is true {i,e., the roof slab has been
completely separated from one or both of its supports)

and the failure has occurred at the slab-wall connection

and the separated slab is lying flat on the floor (implying a symmetric
tailure)

and the failure surface(s) at both supports are relatively rough with aany
cracks and “concrete teeth'

and the inclination of the failure surtace(s) at both sides are relatively
inclined or unclear

and inspection of the failure region indicates concrete crushed in the
cospression zone with possibly ripped out or protruding rebar

THEN:
danage leve) as determired by structural integrity analysis froe visual
information is total 7ailure - Probability=l

and the sode(s) involved in the deforsation process as deterained by visual
{subjective) inétormation was predoainantly shear-coepression -
Probability=]

and {FAILURE MODESY 1S GIVEN THE YALUE “KNOWN*
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RULE NUNBER: 3

coaplete failure of the structure is true (i.e., the roof siab has been
coapletely separated ¢from one or both of its supports)

and the failure has occurred at the slab-wall connection

and the separated slab is lying ¢lat on the ¢loor timplying a syametric
¢ailure)

and the failure surface(s) at both supports are relatively rough with many
cracks and “concrete teeth®

and inspection of the failure region indicates the main reinforcing bars
exhibited rupture aéter signiticant deformation (note *necking" or
stretching)

THEN:
dasage leve! as deterained by structural integrity analysis froma visual
i foraation is total failure ~ Probdability=l

and the sodel(s) involved in the deforeation process as deterained by visual
(subjective) inforeation were predoajinantly shear and diagonal tension,
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causing rupture of reinforcement after significant rotation and
deformation., It is possible that the failure region was underreinforced
- Probability=l .

(FAILURE MODES] IS GIVEN THE VALUE "KNOWN®
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NUMBER: &

complete failure of the structure is true (i.e,, the roof slab has been
completely separated from one or both of its supports!

the failure has occurred at the slab-wall connection

the separated slab is lying #l1at on the tloor (implying a syametric
failure)

the failure surface(s) at both supports are relatively rough with many
cracks and “concrete teeth”

inspection of the failure region indicates concrete crushed in the
coepression zone with possibly ripped out or protruding rebar

the inclination of the failure surtace(s) at NOT both sides are
relatively inclined or unclear

damage level as deterained by structural integrity analysis +from visual
inforaation is total tailure - Probabilitysl

the mode(s) involved in the deforaation process as determined by visual
{subjective) information were predominantly shear and diagonal tension,
causing crushing of concrete after significant rotation. It is possible
that the failure region was overreinforced or the concrete was weak in
strength - Probabilitywl

(FAILURE MODES] IS GIVEN THE VALUE *KNDWN*
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NUMBER: 7

complate failure of the structure is true (i.e., the roof slab hag been
completely separated from one or both of its supports)

the failure has occurred well in the slab

the separated sladb is lying ¢lat on the #loor (implying a syreetric
tailure)

the failure syrtacet(s) at both supports are relatively “clean* with a
single surface ftailure

the inclination of the failure surfaceis) zt both sides are relatively
inclined or unclear

inspection of the failure region indicates the eain reinéorcing bars
exhibited rupture aéter significant deforaation {note “necking“ or
stretching)

damage level s detersined by structural integrity analysis from visual
inforesation is total failure - Probabilitysl
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and the mode(s) involved in the deformation process as determined by visual
{subjective) information was predominantly punching shear. This failure
mode is slower--than direct shear, where tailure surfaces are vertical -
Probahility=1

and (FAILURE MODES] IS BIVEN THE VALUE "KNOWNY

RULE NUMBER: 8

complete failure of the structure is trye (i.e., the roof slab has been
completely separated from one or both of its supports)

and the failure has occurred at the slab-wall connection

and the separated slab is leaning on/towards one side of the structure
{inplying an unsyametrical failure)

and the failure surface(s) at one support is defined by a single surface
tailure which is relatively “"clean®, and the other is still partially
attached or relatively “rough® with many cracks and “concrete teeth"

and the inclination of the failure surface(s) at one side is relatively
vertical and the other side is relatively inclined or unclear

THEN!
damage level as determined by structural integrity analysis froe visual
intorsation is total fallure - Probability=l

and the sodels) involved in the deforsation process as detersined by visual
tsubjective) intormation was predominantly direct shear, followed by
concrete crushing and rebar pullout of the other side (possibly due to
extremely high loading and/or weak concrete) - Probability=l

and [FAILURE NODES) 1S GIVEN THE VALUE “KNOWN '
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RULE NUMBER: 9

1F:
(FAILURE NODES) = *"NOT KNOWN“

and complete tailure of the structure 1s true (i.e., the root slab has been
coapletely separated from one or both ot its supports!

THEN:
danage leve] as deterained by structural integrity analysis éroe visyal
information is total failure - Probadility=l

and the models) involved in the deformaation process as determined by visual
{subjective) information ls unknown du2 to insubticient or inadeauate
data - Probabilitys}

NOTE:
The intoreation provided from the visual data was either inadeguate or
inconsistent with information contained in previous rules to deteraine a
aode(s) of failure with any considerable amount of certainty.
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RULE NUMBER: 10
IF: -

‘complete failure of the structure is false (i.e., the roof slab has not
been completely separated +rom ore ar both of its supports)

THEN: :
" RUN(C:\DAPS\MAIN\FUZSET)
and the external program FUISET.BARS has been run - Probability=l

NOTE:
The THEN portion of this rule siaply calls an extérnal program which asks
questions of the user pertaining to the structural integrity of the
structure, as ascertained froa visual inforeation.
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RULE NUMBER: 11

IF;
conplete fajlure of the strycture is false t(i.e,, the roof slab has not
been codpletely separated froa one or both of its supports)

THEN:
RUN{C:\DAPS\HAIN\CONBIN)
and the external prograa COMBIN,.FOR has been run - Probabdilitysl

NOTE:
The external progras COMBIN.FOR uses fulzy logic in the fora of the DSw
(Dong, Shah, Wong) algorithe to 'coabine the linguistic information
obtained from the user, with expert aopinion relating this information to
variocus aodes ot failure, The output is a group oé¢ & tuzzy sets relating
the level of dasage associated with a given apde.
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RULE NUMBER: 12

1F:
complete fallure of the structure is false {(i,e., the rooé slab has not
been completely separated érom one or doth ot its supportst

and the user would like to see the results ot the DSW coadination process
Just coapleted, i.e,, the calculated (fuzzy set) levels of damage tor
each eode is : yes - please show thea

THEN:
eun (Ce\DAPS\NRAIR\COLORPLT)
and the external progras PLOT.BAS has been run - Probability=|\

NOTE:
Prograa COLORPLT.BAS takes the results pé the DSW tcabination process
cbtained trom the progras COMBIN.FOR and siapily plots the resulting fu2zy
sets (dasage level af a given amode).
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- RULE NUMBER: 13

IF:
complete failure of the structure is false (i.e., the roof slab has not
been completely separated frow one or both of its supports)

and shear damage is none '

THEN:
the damage to the structure associated with a shear response as
detereined by structural integrity analysis from visual information is
none (i.e., no appreciable damage} - Probabilitysl

NOTE:
The actual analysis procedure stated above is a fuzry-weighted average
algorithm impleaented in a FORTRAN computer program. The damage levels
o4 the 10 structural integrity parameters supplied by the user are
combined by weighting them with expert knowledge relating modes of
tailure to these same paraaeters.
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RULE NUMBER: 14

1Fs
complete tailure 0f the structure is taise (i.e., the roaf slab has not
been completely sepérated from one or both of its supportss

and shear daeage is slight

THEN!
the damage to the structure associated with shear response as deteraines
by struttural integrity analysis froe visual inforeation is slignt -
Probability=l

NOTE:
The actual analysis procedure stated above is a iulzy-weighted average
algorithe implementad in a FORTRAN coaputer program. The daeage levels
ot the 10 steuctural integritly parameters supplied by the user are
coabined by weighting thea with expert knowledge relating modes oi
tailure to these same parampters,

AULE KUNWBER: 1S

cosplete failure of the structure is false (1.e., the root slad has not
been ¢oepletely separated éroa one or both of its supports)
and shear dasaqe is soderate
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THEN: .
the damsage to the structure associated with shear response as determined
by structural integrity analysis from visual information is moderate -
Probability=|

NOTE:
The actual analysis procedure stated above is a fuzzy-weighted average
algorithe implemented in a FORTRAN computer program. The damage levels
of the 10 structural integrity parameters supplied by the user are
combined by weighting thea with expert knowledge relating modes of
tailure to these sase paraaseters.
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RULE NUMBER: 1

IF:
coaplete failure of the structure is false (i.e., the roof slab has not
been cospletely separated from one or both of its supports)

and shear damage {s severe

THEN:
the damage to the structure associated with shear response as oeterained
by structural inteqrity analysis ¢rom visual information is severe -
Probabilitysl

NOTE:
The actual analysis procedure stated above is a fuzty~weighted average
algorithn iaplemented in a FORTRAN computer progras. The damage levels
of the 10 structural integrity parameters supplied by the user are
coabined by welghting thea with expert knowledge relating sodes of
tailure to these same paraseters,
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RULE NUWBER: 7

IF:
conplete faijure of the stryucture is talse ii.e., the roof slab has not
been completely separated trom one or both o i1ts supporte!

and shear dasage is very extensive

THEN:
the damaqe to the structure associated with shear response as delersined
by structural integrity analysis érom visual intoreation is very
extensive - Probability=}

NOTE:
The actual analysis procedure stated adbove is a fuziy-weighted average
algerithe isplenented in a FORTRAN computer prograe. The damage levels
of the 10 structural integrity parameters supplied by the user are
coabined by weighting thea with expert knouledge relating modes of
tailure to these sase paraaesters,
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RULE NURBER: 18

1F:
corplete failure of the structure is false (i.e.,, the roof slab has not
been completely separated from cne or both of its supports!

and shear damage is unknown

THEN: .
the damage to the structure associated wilth shear response as determined
by structural integrity analysis from visual information is uaknown -
Probability=!

NOTE:

The actual analysis procedure stated above is a fuzzy-weighted average
algorithm implemented in a FORTRAN coaputer progrim. The damage levels
of the 10 structural inteqrity parameters supplied by the user are
combined by weighting them with expert knowledge relating modes of
failure to these same parameters.
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RULE NUMBER: 19

IF:
complete failure of the structure is false (i.e., the roof slab has not
been completely separated from one or both of its supports)

and diagona: tension damage is none

THEN:
the damage to the structure associated with diagonal tension response as
determined by structural integrity analysis from visual information is
none (i.e.,no appreciable damage) - Frobability=l

NOTE:
The actual analysis procedure stated above is a.fuzzy-weighted average
algorithm impiemented in a FORTRAN computer program. The damaje levels
of the 10 structural inteqrity parameters supplied by the user are
tombined by weighting them with expert knowledge relating modes of
failure to these same parameters.
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RULE NUMBER: 20

IF:
ctomplete failure of he structure is false (i.e., the roof slak has not
been completely separated from one or both of its supports!

and diagonal tension damage is slight
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THEN: )
the damage to the structure associated with diagonal tension response as
jeterwined 3y structural integrity analysis froa visual intormation is
slight - Probability=l

NOTE:
The actual analysis procedure stated above is a fuzzy-weighted average
algorithm implemented in a FORTRAN computer program. The damage levels
of the 10 structural integrity parameters supplied by the user are
combined by weighting them with expert Lnowledge relating modes of
failure to these same pariaeters.

- - - = - - W Wy - A o - -

RULE NUMBER: 21

IF:
complete failure of the structure is false (i.e., the roof slab has not
been completely separated from one or both of its supports)

and diagonal tension damage is moderate

THEN:
the damage to the structure associated with diagonal tension response as
determined by structural integrity analysis from visual information is
moderate - Probabiiity=l

NOTE: .
The actual analysis procedure stated above is a fuzzy-weighteo average
algorithm implemented in a FORTRAN computer program. The damage levels
of the 10 structural integrity parameters supplied by the user are
combined by weighting them with expert knowledge relating modes of
failure to these same parameters.
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RULE NUMBER: 22

IF: .
complete fzilure of the structure i false (i.e., the roof slab has not
been cumpletely separated from one or huth ot its supports)

and diagonal tension damage is severe ’

THEN: :
the damage to the structure associated with dizgonal tersion response as
determined by structural 1ntegr1ty analysis from visual information is
severe - Probability=1l

NOTE:
The actual analysis procedure etated above is a fuszy-weighted average
algorithm implemented in a FORTRAN computer program. The damage levels
‘ot the 10 structural integrity parameters supplied by the user are
combined by weighting them with expert knowledge relating modes of
tailure to these same parameters,
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RULE NUMBER: 23

IF:
conplete failure of the structure is false (i.e., the roof siab has not
been completely separated from one or both of its supportsi

and diagonal tension damage is very extensive

THEN:
the damage to the structure associated with diagonal tension response as
determined by structural integrity analysis from visual infarmation is
very extensive - Prebability=l

NOTE:
The actual analysis procedure stated above is a fuzzy-weighted average
algorithm implemented in a FORTRAN computer program. The damage levels
of the 10 structural integrity parameters supplied by the user are
conbined by weighting them with expert knowledge relating modes of
failure to these same parameters,

RULE NUMBER: 24

IF:
complete failure of the structure is false (i.e., the roof slab has not
been completely separated from one or both of its supportsi

and diagonal tension damage is unknown

THEN:
the damage to the structure associated with diagonal tension response as
determined by structural integrity analysis from visual information is
unknown = Probability=]

NOTE:
The actual analysis procedure stated above is a fuzzy-weighted average
algorithm implemented in a FORTRAN computer program. The damage leveis
of the 10 structural inteqrity paramsters supplied by the user are
combinsd by weighting them with axpert knowledgoe relating modes of
failure to these sama parameters.
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RULE NUMBERs 23

IF1
complete failure ot the structure is false (i.e., the roof slab has net
heen completely separated from one or both of its supports!

and flexure damage is none
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THEN: .
the damage to the structure associated with a flexure response as
determined by structural integrity analysis from visual information is
none (i.,e., no appreciable damage) - Probability=i

NOTE: .
The actual analysis procedure stated above is a fuzzy-weighted average
algorithm implemented in a FORTRAN computer program. The damage levels
of the 10 structural integrity parameters supplied by the user are
tombined by weighting them with expert knowledge relating modes of
failyre to these same parameters.
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RULE NUMBER: 26

IF:
complete failure of the structure is false (i.e., the roof slab has not
been completely separated from one or both of its supports)

and +flexure damage is slight

THEN:
the damage to the structure associated with a flexure response as
determined by structural integrity analysis from visual information is
slight - Probability=]

NOTE:
The actual analysis procedure stated above is a fuzzy-weighted average
algorithm implemented in a FORTRAN computzr program. The damage levels
of the 10 structural inteqgrity parameters supplied by the user are
combined by weighting them with expert knowledge relating modes of
tailure to these same parameters.
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RULE NUMBER: 27

IF;
complete failure of the structure is false (i.e., the roof slab has not
been completely separated from one or both of its supports)

and - tlexure damage is moderate

THEN! .
the damage to the structurv associated with a flexure response as
determined by structural integrity analysis from visual intormation is
moderate - Probability=l

NOTE!
The actual analysis procedure stated above is a fuzzy-weighted average
algorithm implenented in a FORTRAN computer program. The damage levels
of the 10 structural inteqrity parameters supplied by the user are
comained by weighting them with axpert knowledge relating modes of
fiilure to these sawme paraseters,
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RULE NUMBER: 28

IF:
complete failure of the structure is false (i.e., the roof slab has not
been completely separated from one or both of its supports)

and flexure damage is severe

THEN:
the damage to the structure associated with a flexure response as

determined by structural integrity analysis from visual information is
severe - Probability=l

NOTE:
The actual dnalysis procedure stated above is a8 fuzzy-weighted average

algoritham implemented in a FORTRAN computer program. The damage levels
of the 10 structural inteqrity parameters supplied by the user are
combined by weighting them with expert knowledge relating modes of
failure to these same parameters.
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RULE NUMBER: 29

IF:
complete failure of the structure is false (i.e., the roof slab has not
been completely separated from one or both of its supports)

and flexure damage is very extensive

THEN:
the damage to the structure associated with a flexure response as

determined by structural integrity analysis #from visual information is
very extensive - Probabiljtys!

NOTE:
The actual analysis procedure stated above is a fuzzy-weightad average

algorithm implemented in a FORTRAN computer program. The damage levels
of the 10 structural integrity parameters supplied by the user are
combined by weighting them with expert knowledge relating modes of
tailure to these same parameters,
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RULE NUMBER: 30

IF:
coaplete failure of the structure is false (i.e., the roof slab has not

been completely separated from one or bath of its supports)
and +lexure damage is unknown
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THEN: .
the damage to the structure associated with a flexure response as
determined by structural integrity.analysis from visual information is
unknown - Probability=1

NOTE: ‘
The actual analysis procedure stated above is a fuzzy-weighted average
algorithm implemented in a FORTRAN computer program, The damage -levels
of the 10 structural inteqrity parameters supplied by the user are
combined by weighting them with expert krowledge relating modes of
failure to these same parameters.
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RULE NUMBER: 31

IF:
complete failure of the structure is false (i.e., the roof siab has not
been completely separated from one or both of its supports) and tensian
membrane damage is none

THEN:
the damage to the structure associated with tensile membrane response as
determined by structural integrity analysis from visual information is
none (i.e., no appreciable damage) - Probability=l

NOTE:

The actual analysis procedure stated above is a fuzzy-weighted average
algorithm implemented in a FORTRAN computer program, The damage levels
of the 10 structural integrity parameters supplied by the user are
combined by weighting them with expert knowledge relating modes of
failure to these same parameters.

e S R W R T W W D W v T S T W TS S G T W WD AR G T S W W W em

RULE NUNWBER: 32

1F:
complete fajilure ot the structure is ¢alse (i.e., the roof slab has not
been completely separated from one or both of its supports)

and tension meabrane damage is slight

THEN?
the damage to the structure associated with tensile membrane response as
determined by structural integrity analysis ¢roe visual intormation is
slight - Probability=}

NOTE:
The actual analysis procedure stated above i¢ a fuzzy-weighted average
algorithm implemented in a FORTRAN computer program. The damage levels
of the 10 structural integrity parameters supplied by the user are
combined by weighting them with expert knowledge relating sodes ot
tailure to these same paraseters,
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RULE NUMBER: 33

IF:
conplete failure of the structure is false (i.e., the roof slab has not
been completely separated from one or both of its supports)

and tension membrane damage is moderate

THEN:
the damage to the structure associated with tensile wembrane response as
determined by structural integrity analysis from visual information is
moderate - Probability=]

NOTE:
The actual analysis procedure stated above is a fuzzy-weighted average
algorithm implemented in a FORTRAN computer program. The damage levels
of the 10 structural inteqgrity parameters supplicd by the user are
combined by weighting them with expert knowledg: relating modes of
failure to these samne paraameters.

RULE NUMBER: 34

IF:
coaplete failure of the structure is false (i.e., the roof slab has not

been completely separated from one or both of ity supports)
and tension aeabrane damage is severe

THEN:
the dasage to the structure associated with tensile aeabrane response as
determined by structural integrity analysis from visual intormation is
severe - Probabilitysl

NOTE!
The actual analysis procedure stated above is a fuzty-weighted average
algorithe implemented in a FGRTRAN computer program. The damage levels
of the 10 structural integrity parameters supplied by the user are
combined by weighting thema »ith expert knowledge relating aodes of -
tailure to these saae parogmaters.
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RULE NUMBER: 35

complete tailire of the siructure is false (i.e., the roof slab has not
been completcly separated fros oue or both of its supports)
and tension aedbhrane dasage is very extensive
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THEN:
the damage to the structure associated with tensile membrane response as
determined by structural integrity analysis from visual information is
very extensive - Probability=t

NOTE:
The actual analysis procedure stated above is a fuzzy-weighted average
algorithm implemented in a FORTRAN computer program. The damage levels
of the 10 structural integrity parameters supplied by the user are
combined by weighting them with expert knowledge relating modes of
tailure to thase same parameters.
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RULE NUMBER: 36

IF:
complete failure of the structure is false (i.e., the roof slab has not
been completely separated from one or both ot its supports)

and tension membrane damage is unknown

THEN:
the damage to the structure associated with tensile aeabrane response as
deterained by structural integrity analysis from visual information is
unknown - Probabilitys!

NOTE:
The actual analysis procedure stated above is a fuzzy-weight2d average
algoritha implemented in a FORTRAN computer program. The damage levels
of the 10 structural integrity parameters supplied by the user are
combined by weighting thea with expert knowledge relating modes of
tajlure to these same paraseters,
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RULE NUNHBERs 37

comaplete fajlure of the structure is false (i,e., the roof slab has not
been completely separated froe one or both of its supports)
and overall damage {s none

THEN:
the overall level of damage to the structure as detersined by structural
{ntegrity analysis érom visual information is none (i.e., no appreciabdble
dasage) - Probability=|

NOTE:
The actual analysis procedure stated above is a4 fuzzy-weighted average
algoritha ispleaented in a FORTRAN cosputer program. The damage levels
of the 10 structural integrity parameters supplied by the user are
cambined by weighting them with expert knowledge relating mooes of
tailure to these sase pardmeters., The overall daecage is assumed to be
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the largest damage level from each of the 4 modes - shear, flexure,
diagonal tension, tension membrane.
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RULE NUMBER: 38

IFs
complete failure of the structure is false (i,e., the roof slab has not
been completely separated from one or both of its supports)

and overall damage is slight

THEN:
the overall level of damage to the structure as determined by structural

integrity analysis from visual information is slight - Probability=!

NOTE:

The actual analysis procedure stated above is a fuzzy-weighted average
algorithm implemented in a FORTRAN computer program. The damage levels
of the 10 structural integrity parameters supplied by the user are
combined by weighting them with expert knowledge relating modes of
failure to these same parareters,

The overal) damage is assumed to be the largest damage level from each
ot the § modes - shear, flexure, diagonal tension, tension membrane.

RULE NUMBER: 39

IF3
complete faiijure of the structure 1s false (i.e., the roof slab has not
been completely separated from one or both of its supports)

and overall dasage {s scderate

THEN:
the overall level of damage to the structure as deteramined by structural
integrity analysis from visual intoraation is moderate - Probabilitysl

NOTE:
The overall damage is assumed to be the largest damage level fros esch of
the 4 apdes - shear, ¢lexure, diagonal tension, and tension seambrane.
The actual analysis procedure stated above is a fuzry-weighted averag2
algoritha implemented in a FORTRAN computer progras. The damage levels
of the 10 structural integrity parameters supplied by the user are
combined by weighting thea with expert knowledqe relating modes of
tailure to these sase paraacters,

CX X Y A d e men- - - - - - - -

RULE NUNBER: 40

coaplete faijure of the structure is false (i.e., the roaf slab has not
been coapletely separated froa one or both o its supports)
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and overall damaqe is severe

THEN:
the overall level of damage to the structure as determined by structural

integrity analysis #rom visual information is severe - Probability=i

NOTE:
The actual analysis procedure stated above is a fuzzy-weighted average
algorithm implemented in a FORTRAN computer program, The damaga levels
of the 10 structural integrity parameters supplied by the user are
combined by weighting them with expert knowledge relating modes ot
failure to these same parameters.
The overall damage is assumed to be the largest damage level from each
\f the 4 modes - shear, tlexure, diagonal tension, tension membrane. ;

\
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RULE NUMBER: 4!

conpiete failure of the structure is false (i.e., the roof siab has not
been completely separated ¢from one or both ot its supports)
and overall damage is very extensive

THEN:
the overall level of damage to the structure as detersined by structural
integrity analysis trom visual intormation is very extensive -
Probabilityal

NOTE:

The attual analysis procegure stated above is a fuz2y-weighted average
algoritha implesented in a FORTRAN computer program. The damage levels
of the 10 structural integrity paramspters supplied by the user are
combined by weighting thee with expert knowledge relating modms of
fallure to these same paraseters,

The overall damage is assumed to be the largest damage level froa each
of the 4 sodes - shear, ¢lexure, diagonal tension, tension aeabrane,

-------------- L R L R et L L Y

RULE NUMBER: 42

coaplete f2ilure of the structure is false {({.8,, tha roof s}ab has not
been completely separated trom one or both of its supportsi
and overall damage i{s unknhouwn

THEN:
the overail level of damage to the structure as determined by structural
integrity analysis ¢rom visual information is unknown - Probabality=l

NOTE
The actual analysis procedure stated above is a fuzzy-weighted average
algoritha iaplemented in a FORTRAN computer progrea. Yhe damage levels
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of the 10 structural inteqrity parameters supplied by the user are
combined by weighting them with expert knowledge relating modes of
failure to these same parameters.

The overall damage is assumed to be the largest damage Ievel from each
of the 4 modes - shear, flexure, diagonal tensiaon, tension membrane.
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RULE NUMBER: 43

complete failure of the structure is false (i.e., the roof slab has not
been completely separated +rom one or both ot its supports)

THEN:
RUNCC:\DAPS\MAINATIN)
and the external prograa TIM.FOR has been run ~ Probability=}

NOTE:
Program TIM.FOR is used to calculate the early timez response of the
structure (i.e., at less thar 2 ms) Dy using a modified Timoshenko beam
analysis. Although the program is highly coeplex, the output is simple;
2erly tiae response is catagorizec as either shear or flexure depending
on which value reaches its critical failure level $irst,
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RULE NUMBER: 44

consplete failure of the structure is ¢alse (i.e¢., the roof slab has not
been completely separated trom one or both oé¢ its supports)

THEN:;
RUN(CI\DARS\NAIMIFRLOT)
ang the external prograe [FPLOT.BAS has been run - Probabilitys=l

NOYE:
Progran IFPLOT.BAS is used to help deteraine the early time response of
the structure (i.e., at less than 2 ms) by making a similarity coueparison
8¢ pressure versus time plots at three locations of the roof slab. The
three lotations are near the wall, at the siab centerline, and over the
wall. Similarity of ditterent comabinations of interface pressures at the
roof/soil interface help detecraine modes of response.
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RULE NUNBER: 4S5

1F:
comsplete tailure of the structure is false (i.e., the rooé slab has not
been coapletely separated from one or both of its supports)

and esrly tine response as detersined ov modi¢ied Timoshenko beam analysis is
shear

137

ek an e Tha g k2 P A\ e P ST LT LT 2 M A R R A M R A AN R S NP L A N A PRt



and early time response as determined by similarity énalysis of interface
pressure plots is shear

THEN:
early time response as determined by a combination of Timoshenko bean
analysis and interface pressure data is predominantly shear -
Probabilitysi

- . . A Y > > A W > W 4w A = W S S

RULE NUMBER: 44

IF:
coaplete failure of the structure is false (i.e., the roof slab has not
been completely separated from one aor both of its supports.

and early time response as deterained by modified Timoshenko beam analysis is
flexure

and early tiame response as determined by similarity analysis of intertace
pressyre plots is ¢lexzure

THEN3
early tiae response a5 determined by a combination of Timosnenko pean
analysis and intertace pressure data is predoainantly ¢lexure -
Probability=i
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- RULE NUMBER: 47

coaplete failure of the structure i1s talse (1.e., the rouf slab has not
been coapletely separated ¢rom one or both of its supportsi

and early tise response as deterained by wodified Timoshenko beas analysis 1
shear

and early tiae response as deterained by siailarity analysis of intertace
pressure plots is fiexure or $lexure-shear

THEN:
early time response as deterained by a comdination ot Timoshenio beam
analysis and intertace pressure data falls into the vague area ot
tlexure-shear - Probability=y

L e et e e e L L LT T T T X S WP R

RULE NUMWBER: 48

iF:
coaplete failure of the structure is false (i.e., the roo? slab has nant
been cospletely separated ¢rom one or both of its supports)

and early tine response as deterained by saodified Timoshenko deaa analysia e
tlenure o

and early tiae response as determined by sisilarity analysis of interface
pressure plots is flexure-shear
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THEN: _
early time response as determined by a combination of Timoshenko beas
analysis and interface pressure data falls into the vague area of
tlexure-shear - Praobability=sl .

P S S W e A s e

RULE NUMBER: 49

1F:
complete failure of the structure is false (i.e., the roof slab has not
been completely separated from one or both ot its supporis)

THEN: '
RUN(C: \DAPS\MAIN\DEFLECT)

and the external program DEFLECT.BAS has been run - Probability=]

NOTE:
Program DEFLECT.BAS shows the user the root slab detlection profiles at J
and 19 ®s, and asks three questions ot the user that are used in
successive ruies to help deteraine late time modes ot response,
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RULE NUMBER: S0

1F3:
coaplete fallure of the structure is talse (i.a#,, the roof slab has not
been coapletely separated ¢roa one or both of its supports!

and early time response as determined by a cosbination of Timoshenko beaa
analysis and interface pressure data is predominantly shegr = |}

ang  the near wal] deélection as deterained by the external progras
DEFLECT.BAS is very small or small

ang  the ratio of dié¢ferential duflection (near wall deflection ainus
centerline detlection) to slab thickness ilaplies 4 relativeiy #lat
surface

THEN:
fate tiee response as detersined by deflection protiles was predominantly
shear - Probabilitynl

and (LATE RESPONSE] 15 GIVEN THE VALUE 1

- - - - - -

RULE NUNBER: 51

1F:
coeplete failure of the structure is false (i.e,, the roof s)ab has rot
been coapletely separated from one or both of its supports)

ang early tiae response as determined by a coambination o0¢ Timoshenko beaa
analysis and intertace pressure data is predominantly shear = |

and the near wall deflection as deterained by the external progras
DEFLECT.BAS is very small or saall
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and the ratio of differential deflection (near wall deflection minus
centerline deflection) to slab thickness implies a moderately curved
surface

THEN:
late time response as determined by deflection profiles was initially
shear, becoming substantial flexure as time progressed - Probability=l
and [LATE RESPONSE) IS GIVEN THE VALUE 1}

RULE NUMBER: 352

IF:
coaplete failure of the structure is false (i.e., tha roof slab has not
been completely separated from one or both of its supports)

and early time response as determined by a combination of Tisoshenko beas
analysis and intertace pressure data is predominantly shear = |

and the near wall detlection as deterained by the external prograa
DEFLECT.BAS is saall

and the ratio of differential deflection (near wall deflection ainus
centerline deflection) to siab thickness imsplies a highly curved surtace

THEN:
late tise response as detersined by deélection profiles was initially
shear, but residual strength forced it into a tension membrane aode,
possibly due to weak toncrete - Probabilitysl

and (LATE RESPONSE) IS GIVEN THE VALUE |
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RULE NURBER: 83

IF:
coaplete failure of the structure is false ti,e., the roof slab has not
been completely separated érom cne or both of its supparts)

and early tiee response as daterained by a cosdination of Tiaoshenkp beaa
analysis ard intertace pressure data is predoainantly shear = |

and  the near wall deflection as deterained by the external progras
DEFLECY.BAS ts moderate

and the ratio of ditéerential deflection (near wall deélection ainus
centeriine deflection) to slab thickness iaplies & relatively ¢lat
surface

THEN:
late tise response 45 deterained by deflection protiles was predoajnantly
shear - Probadbility=i

and (LATE RESPONSE] 1S GIVEN THE VALUE 1
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RULE NUMBER: 34

1
conplete failure of the structure is false (i.e.,, the roct slab has not
been completely sepa-ated from one or both of its supports)

and early time response as determined by a combination of Timoshenkn bean
analysis and interface pressure data is predominantly shear = |

and the near wall deflection as determined by the external progranm
DEFLECT.BAS is moderate

and the ratio of differential detlection (near wall deflection minus
centerline deflection) to slab thickness implies a moderately curved
surface

THEN:
late time response as determined by deflection profiles was a combination
of shear and flexure - Probability=l

and C(LATE RESPONSE] IS GIVEN THE VALUE 1
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RULE NUMBER: 535

IF:
complete failure of the structure is false (i,e., the roof slab has not
Yeen completely separated from one or both of its supports)

and early time response as determined by a combination of Timoshenko beam
analysis and interface pressure data is predominantly shear = |

and the near wall deflection as determined by the external progranm
DEFLECT.BAS is moderate

and the ratio of differential deflection (near wall defiection minus
centerline deflection) to slab thickness implies a highly curved surtface

THEN:
late time response as determined by deflection profiles was substantial
shear, followed by membrane response throughout - Probability=l

and [LATE RESPONSE] IS BIVEN THE VALUE i
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RULE NUMBER: 56

IF:
cumplete failure of the structure is false (i,e,, the roof slab has not
been completely separated from one or both of its supports)

and early time response as determined by » combination of Timoshenko beaa
analysis and interface pressure data is predominantly shear = |

and the near wall detlection as determined by the external progran
DEFLECT.BAS is large

and the ratio of differential deflection (near wall deflection minus
centerline deflection) to slab thickness implies a relatively ¢lat
surface




THEN: ‘
late time response as detérmined by deflection profiles was almost
exctlusively shear - Probability=l

and (LATE RESPONSE] IS GIVEN THE VALUE 1!
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RULE NUMBER: 57

IF:
complete failure of the structure is false (i.e,, the roof slab has not
been completely separated from one or bath of its supports)

and early time response as determined by a combination of Timoshenko beanm
analysis and interface pressure data is predominantly shear = |

and the near wall deflection as determined by the external program
DEFLECT,.BAS is large

and the ratio of differential deflection (near wall deflection minus
centerline deflection) to slab thickness implies a moderately curved
surface

and the ratio of differential deflection (near wall deftlection minus
centerline deflection) to slab thickness implies a moderately curved
surface

THEN:
late time response as determined by deflection profiles was mostly shear
with some residual flexure response - Probability=l

and [LATE RESPONSE]) 19 GIVEN THE VALUE 1
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RULE NUMBER: 38

IF:
complete failure of the structure is falae (i.e., the roof slab has nat
been completely separated from one or both of its supports)

and early time response as determined by a combination ot Tisoshenko beanm
aralysis and interface pressure dita is predominantly shear = |

and che near wall deflection as deterained by the external prograa
DEFLECT.BAS is large A

and the ratio of differential deflection (near wall detlection minus
centerline deflection) to slab thickness implics a highly curved surtace

THEN:
late time response as deterained by deflection profiles was a coabination
of shear and tension aesurane response (possibly due to weak coacrete
mix) ~ Probability=]

and (LATE RESPONSEX 1S GIVEN THE VALUE 1

------------------------- e Y PR T L X ST
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RULE NUMBER: 359
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IF: )
complete failure of the structure is false (i.e., the roof slab has not
been completely separated from one or both of its supports)

and early time response as determined by a combination of Timoshenko beam
analy51s and interface pressure data is predominantly $lexure = |

and the near wall deflection as determined by the external progranm
DEFLECT.BAS is very small

and the ratio of differential deflection (near wall deflection minus
centerline deflection) to slab thickness implies a relatively flat
surface or a moderately curved surface

THEN:
late time response as determined by deflection profiles was predominantly
flexure - Probability=l

and C(LATE RESPONSE] 1S GIVEN THE VALUE 1
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RULE NUMBER: 60

IF:
complete failure of the structure is false (i.e., the roof slab has not
been completely separated from cne or both of its supports)

and early time response as determined by a combination of Timoshenko beam
analysis and interface pressure data is predominantly flexure = |

and the near wall deflection as determined by the external program
DEFLECT,BAS is very small

and the ratip of differential deflection (near wall def!ectxon minus
_centarline deflection) to slab thickness implies a highly curved surtace

THEN: i .

late time response as determined by deflection proftiles ie unknpun
because of inconsistent intormation and/or non-intultive coabxnatxun ot
antecedents ~ Probebilitysi

and [LATE RESPONBE] {5 GIVEN THE VALUE 1|
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RULE NUMBERt &1

complete fallure of the structure ig false (t.e2., the root slab has not.

begn completely saparated frop one or bet!. of lts supports)

and early time regponae as determined by a cosbinatiaon of Timoshenko hean

-analysis and interdice gressura dats falls into the vague area of

flexure~shear = |

and  the neer wall deflection as detersined by the externsl progras
DEFLECY.BAS is very small or seall .

angd . the ratio of differential deflection (near wall deflection minus

centerline deflection) to slab thickness isplies a celativaly #lat

surtace




late time response as deternined by defiection profiles was a combination
of shear and flexure - Probahility=1
and [LATE RESPONSE] IS GIVEN THE VALUE 1
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RULE NUMBER: 62

complete failure of the structure is false (i.e., the roof slab has not
been completely separated from one or both of its supports)

and early time response as determined by a combination of Timoshenkc bean
analysis and interface pressure data falls into the vaque area of
flexure-shear = 1

and the near wall deflection as determined by the external progran
DEFLECT.BAS is small

and the ratio of differential deflection (near wall deflection minus
centerline deflection) to slab thickness implies a moderately curved
surface

THEN:
late time response as determined by deflection profiles initiated as
shear and/or diagonal tension, but flexure dominated thereafter -
Probability=l

and CLATE RESPONSE) IS GIVEN THE VALUE 1
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RULE NUMBER: 63

IFy : -
complete failure of the structure is false (i.e., the roof siab has not

. been coepletely separated from one or both of its supports)

and early time response as determined by a combination of Timoshenko bean

~ -analysis and interface pressure data is predominantly flexure = |

and the near wall deflection as determined by the external progran
DEFLECT.BAS is small

and the ratio of differential defloction (near wall deflection minus
centerliine deflection) to slab thickness implies a highly curved surface

THEN:
late time response as determined by deflection profiles was predominantly
tensjon meabraneg - Probability=l

and (LATE RESPONSE] 15 GIVEN THE VALUE 1
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RULE NUMBER: 64

1Fy
toeplete failure of the structure 1s false (i.a., the roof slab has not
been completely saparated from one or both of its supports)




and early time response as determined by a combination of Timoshenko beam
analysis and interface pressure data talls 1ntn the vague area of
flexure-shear = |

and the near wall deflection as determined by the ekternal progranm
DEFLECT.BAS is moderate or large

and the ratio of differential deflection (near wall deflection minus
centerline deflection}) to slab thickness implies a relatively flat
surface

THEN: A
late time response as determined by deflection profiles was predominantly
shear (even though early response did not show overwhelming evidence of
this) with some residual flexure =~ Probabilitys=l

and C(LATE RESPONSE] IS GIVEN THE VALUE t
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RULE NUMBER: 635

IFs :

complete failure of the structure is false (i.e., the roof slab has not

been completely separated from one or both of its suppaorts)

and early time response as determined by a combination of Timoshenko bean
analysis and interface pressure data falls into the vaque area of
flexure-shear = |

and the near wall deflection as determined by the external proagranm
DEFLECT.BAS is moderate

and the ratio of differential deflection (near wall deflection minus
centerline deflection) to slab thickness implies a moderately curved
surface

THEN:
iate response as detaermined by deflection profiles was a combination of
shear and flexure (even though early response did not show shear to be
such a large factor) - Probability=!

and [LATE RESPONSE) 1S GIVEN THE VALUE 1

RULE NUMBER: 66

complete failure of the structure is false (i.e., the roof slab has not
been completely separated from one or both of its supports)

and early time response as determined by a combination of Timoshenko beam
analysis and intertace pressure data falls into the vague area ot
flexure-ghear = |

and the near wal] deflection as determined by the external prograa
DEFLECT.BAS is moderate

and the ratio of differential deflection (near wall deflection minus
centerline deflection) to slab thickness implies a highly curved surtace
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THEN:
late time response as determined by deflection profiles was initially
shear {(even though early .response did not show overwhelaing evidence of
this fact) followed by extensive bending into membrane mode -
Probability=i

and (LATE RESPONSE] IS GIVEN THE VALUE |
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RULE NUMBER: 67

complete failure of the structure is false (i.,e., the roof slab has not
been completely separated from one or both of its supports)

and early time response as determined by a combination of Timoshenko beam
analysis and interface pressure data is predominantly flexure = |

and the near wall deflection as determined by the external progran
DEFLECT.BAS is very small

and the ratio of differential deflection (near wall deflection minus
centerline deflection) to slab thickness implies a relatively +flat
surface

and the difference between differential deflection ratios at the centerline
and at a distance t = thickness trom wall is small

THEN?
late time response as determined by deflection profiles was predominantly
diagonal tension - Probability=i

and late time response as determined by deflection protiles was predominantly
tlexure - Probability=0

and (LATE RESPONSE] IS GIVEN THE VALUE !

NOTE:
The second THEN statement is used to override a previous rule which would
have found flexure to be dominant

---------------------------------------

RULE NUMBER: &8

IFy :

coaplete failure of the structure is false (i,e., the roof slab has not

been completely separated {rom one or both of its supparts)

and early time response as determined by a combination of Timoshenko beaa
analysis and interface pressure data falls into the vague area of
¢lexure-shear = |

and the near wall deflection as deterained by the external progran
DEFLECT.BAS is very snall

and the ratio of diftferential deflection (near wall deflection minus
centerline deflection) to slab thickness implies a relatively flat
surface

and the difference between ditferential deflection ratios at the centerline
and at a distance t = thickness +rom wall is small
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THEN:
late time response as determined by deflection profiles was predominantly
diagonal tension - Probability=l

and late time response as determined by deflection pro+1les was predominantly
flexure -~ Probability=0

and (LATE RESPONSE] IS GIVEN THE VALUE 1!

NOTE:
The secaond THEN statement is used to override a previous rule which would
have found flexure to be dominant.
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RULE NUMBER: &9

IF:
coeplete failure of the structure is false (i.e., the root slab has not
been completely separated from one or both ot its supports!

and early time response as deterained hy a combination of Timoshenko beam
analysis and interface pressure data falls into the vague area of
flexure-shear = |{

and the near wall deflection as determined by the external prograa
DEFLECT.BAS is very seall

and the ratio of differential deflection (pear wall deftlection minus
centerline detlection) to slab thickness implies a modarately curved
surtace

and the difference between differential det¢lection ratios at the ceaterline
and at a distance t = thickness from wall is seall

THEN:
late time response as deterained by deflection protiles was a combination
of diagonal tension and ¢lexure - Probability=i

and late time response as detereined by deflection profiles was predoainantly
flexure - Probabilitys0

and [(LATE RESPONSE) 1S GIVEN THE VALUE 1

NOTE:
The second THEN statement is used to override a previous rule which would
have #ound ¢lexure to be doaminant,
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RULE NUMBER: 70

conplete failure of the structyre is false (i.e., the roof slab has not
been completely separated from One or both of its supports!

and e2rly time response as detersained by a comdination of Tiamoshenko heas
analysis and interface pressure data is predosinantly flexure =2 |

and the near wall deflection as determined by the external prograas
DEFLECT.BAS is very samall

and the ratio of diééerential detlection (near wall deflection minus
centeriine deflection) to elab thickness ieplies a moderately curved
surface




and the difference between differential deflection ratinos at the centerline
and at a distance t = thickness from wall is small

THEN:
late time response as determined by deflection profiles was a combination
of diagonal tension and 4lexure - Probability={

and late time response as determined by deflection protiles was predominantly
flexure - Probability=0

and C(LATE RESPONSE) IS GIVEN THE VALUE 1

NOTE:
The second THEN statement is used to override a previous rule which would
have found flexure to be doaminant.
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RULE NUMBER: 71

IF:
complete failure of the structure is false (i.e., the roof slab has not
been completely separated trom one or both ot its supports)

and (LATE RESPONSE] = 0

and 2ariy tiee response as determined by a combination of Timoshenko beaa
analysis and intertace pressure data is predominantly shear = |

THEN:
late tise response as determined by deélection profiles is unknown
because of inconsistent inforeation and/or non-intultive coebination of
antecedents - Probabilitysl

NOTE:
The aost likely late tisme response was probadly sheasr based on early tiae
response.
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RULE NUMBER: 72

IFs
coaplete failure of the structure is false {i,e., the roof slab has not
been completely separated ¢rom one or both of its supports)

and C(LATE RESPONSE) = ¢

and early tine response as detersined by a combination of Timoshenko boan
analysis and interéace pressure data is predominantly ¢lexure = |

THEN:
late tise response as detersined dy detlection profiles is unknown
because of inconsistent inforsation ard/or non~intuitive cosbination of
antecedents - Probabilitysl

NOTE:
The aost likely late tiae response was probably (lesxure based on
inforaation éroa early tise response.
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RULE NUMBER: 73

1F:

' complete failure of the structure is false (i.e., the roof slab has naot
been completely separated from one or both of its supports)

and [LATE RESPONSE] =0

and early time response as determined by a combination ot Timpshenko bean
analysis and interface pressure data falls into the vague area of
flexure-shear = |

THEN: :
late time response as determined by deflection protiles is unknown
because of inconsistent intormation and/or non-intujitive combination of
antecedents - Probability=l

NOTE:
A best guess of late time response would be a coabination of flexure and
shear dased on early time response.
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RULE NUMBER: 74

IF:
complete failure ot the structure is talse (i.e., the roof slab has not
been completely separated from one or both of its supparts:?

and {DAMAGE LEVEL) ¢ 0,2

o THEN:
the overall damage to the structure as detersined by detlection
intorsation is none - Probability=i

[ ‘ NOTE:
The value of the variable [(DANAGE LEVEL) is detersined in the external
progranw DEFLECY.FOR and returned via the program RETURN.FOR,
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RULE NUNMBER: 73

1Ft
coaplete f3ilure of the structure is false (i.e., the roof slab has not
been coapletely separated froa one or both of its supports)

and C(DAMAGE LEVEL) > 0.20

and (DANAGE LEVEL]) < 0.40

THEN:

the overall damage to the structure as determined by detlection
informaation is slight ~ Probability=l
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NOTE: )
The value of the variable {DAMAGE LEVEL) is determined in the external

program DEFLECT.FAR and returned via the program RETURN.FOR.
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RULE NUMBER: 7¢&

IF3
complete fajilure of the structure is false (i,e., the roof slab has not

been completely separated from one or both of its supports)
and (DAMAGE LEVEL] > 0.40
and {DANABE LEVEL) < 0.70

THEN:
the overall damage to the structure as detersined by deflection

intoreation is moderate - Probability=l

NOTE:
The value of the variable [DAMAGE LEVEL) is determined in the external

progras DEFLECT.FOR and returned via the progras RETURN,FOR.

- O 8 B T T T YD W D W W T D W W P R WY e W

RULE NUNBER: 77

IF:
coaplete failure of the structure is false (i,e., the roof slab has not

been cospletely separated ¢roa aone or both o its supports)
and  (DAMAGE LEVEL] > 0.7
and (DAMAGE LEVEL]) ¢ 1.0

THENS
the overall damage to the strycture as determined by deélection

intorasation is severe - Probabilitysi

NOTE:
The value of the variable {DAMAGE LEVEL) is detersmined in the external

program DEFLECY.FOR and returned via the progras RETURN,FOR.

RULE NUNBER: 78

1F3
coaplete tajlure of the structure is false (i.e., the roof slab has not

been coapletely separated irom one or both of its supportsi
Ind (DANAGE LEVEL) > 1.0

THEN:
the overall damage to the structure as deteramined by deflection

inforsation is very extensive - Probabilitys)
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NOTE:
The value of the variable (DAMAGE LEVEL) is determined in the external

program DEFLECT.FOR and returned via the program RETURN.FOR. The value
of the variable is computed as the integral of the deflection (over the
length ot the slab) at 15 ms divided by length times thickness (%o
produce a dimensionless parameter),

- - R . To G
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LIST OF SYMBOLS

i*h gtructural attribute

A =
Bi = fuzzy sst representation of no damage
B, = fuzzy set representation of slight damage
B, = fuzzy set representation of moderate damage
By = fuzzy set representation of severa damage
. B; = fuzzy set representation of very extensive damage
Bg = fuzzy set representation of unknown damage
B! = fuzzy set representation of calculated damage ievel
BP = Dblast pressure gage
DOB = depth of burial
d = depth of concrete to principal tensile reinforcement
d' = depth of concrete to principal compressive
reinforcemant
213 element of expert matrix (E)
EO strain gage
P conpressive concrete strength
£ ultimate steel strength
ty steel yield strength
G shear modulus
IF interface pressurs gage

roof slab clear span length

interface prassure

rotational end restraint of slab :
linguistic rating factor .
horizontal distance hetween shear reinforcemen.

ﬂ.mm.:!”’ﬂt"
LS

B soil strain gage
distance between shear reinforcemant
slad thickness or time
U’ elezent of user matrix (U]
vy linguistic veighting or importance taator
%y ich clcn-nt of a set '
ay - value of jth zembarship level
5 deflection of roof slab
(%) nexbership value of element x
v Poisson's ratio
P percentage of principal tensile rainforcement
Iy percentage of principal compressive reinforcement
’e percentage of principal shear reinforcement
¢ internal angle of friction
Q strength enhancenent factor
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