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1. INTRODUCTION

PROBLEM STATEMENT

The military forces of the United States use a qreat number of shallow-

buried reinforced concrete protective structures for a variety of purposes.

As such, information used in estimating or determining the survivability and

vulnerability (S/V) of these structures is needed to evaluate structural

safety and reliability. The quantity of data available an which to base a

study of the responses of shallow-buried structures to blast effects is very

limited. Thus, the investigation into the S/V of these buried structures has

depended primarily on conventional explosive airblast simulation techniques in

order to develop a data base.

Figure I is a scaled representatlor, of the shallow buried structure

problem. Again# the issue in this problem is the ability to estimate the

survivability of the buried box to the conditions imposed by an extreme

environment, such as those induced by an impulsive blast load. If Ne take a

closer look at the S/V problem definition, we see that the idea of S/V

analysis involves the questions Now well will the structure continue to

function (survive) in a blast environment? By studying this question, we

begin to envision the difficulty of the analysis process. For instance, how

does one go about applying engineering quantities to such terms as

"functionality remains good,' or *poor blast resistance.* which obviously

involve degrees or levels of information that are subject to opinion.

The problem is complicated by the fact that the information needed to

make an estimate with high confidence is Incomplete and involves many

uncertainties. Evaluation of the situation becomes even more difficult when

one realizes that the uncertainties encountered include both random and

nonrandom kinds of data. For instance, very little is known about the effects

of modern weapons on an operational facility which is occupied by people, and

which contains sensitive, technologically complex equipment. Uncertainties

such as ambiguities in explosive effects, variability in material behavior,

and threat scenario could be classified as ranlom uncertainties, On the other

hand, linguistic data, subjective judgment, and imprecise information are
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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, earthquake,

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, a 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

levels. It is this lack of crispness (or inherent fuzziness) in the problem

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 effect analysis.

The "cause" usually involves engineering quantities (overpressures, etc 4 .. ),

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 damage level chosen is susceotible

to varying expert opinion and is highly dependent on the oarticular observer.

Subjective information of this type resides in the minds of experts who have,

* over time, accumulated much experience as to the effects a given loading would

prnduce. And, although there is objective information available to the expert

(enginger or scientist) in the for% of test lata and model simulations, the

qu'estion of survivability resides in the minds of the experts. Thus the

quality of the assessment process is highly dependent on an expert's knowledge

of the actual situation under study.
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Figure 2. Linguistic descriptions of various levels of
damage (modified from Ref. 1).
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OBJECTIVES AND SCOPE

The discussion in the previous section was provided in order to introduce

the reader to the overall problem of SIV assessment. From this discussion, it

can be 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 linguistic information;

in either case, they are used to describe the second subset. Damage levelz,

on the other hand, involve such concepts as structural integrity,

functionality, and repairability of the structure and the degrees to which

they have been affectkd. The purpose of this report is to study the

feasibility of incorporating the information outlined above into a damage

assessment code in the form of a rule-based expert system. The title of this

expert system has been designated DAPS, which stands for Damage Assessment of

Protective Structures.

More specifically, thm 4bjective of this report is to develop a framework

by which the concepts and information developed previously may be converted to

a working computer code. This framework is to inclide the coding of

information whether it be in the form of expert opinion, engineering judgment.

digital waveforms, etc..., and to develop a method for the efficient retriev4l

of this information for use in an expert system. The expert systeo will

combine numeric as well as nonnumeric information and will employ the recent

theory of fuzzy set logic to quantify, cotbine, and Interpret linguistic

damage descriptors.

In a broader sense, this work is part of 4 much larger project in which

the Air Force is attempting to impro•e the methods and procedures used within

the field of information management. In particviar, the Air Force is

interested in improving five specific areas related to structjral dynamic

testst test design, data acquisition, data processing, data analysis, and data

storage. The scope of the work in this report falls into the category of data

analysis. Uses envisioned for the expert system which is developed include

the following: design, prediction, diagnosis, and interpretation, as well as a

training aid for engineers new to the field.

S



SUMMARY

In order to make this oroject manageable, the scope of work was narrowea

to include only one soecific case of the orotective structure scenario. In

particular, the data base for this study comes from a series of eleven

experimental tests which were performed on buried reinforced concrete boxes

subjected to explosive pressures. The knowledge base for this work comprises

c'isp da-a ii. the form of instrumentation waveforms and linguistic data

obtained from experts through questionnaires based on the 'eleven tests.

Measured data come from active or passive measurements and can be considered

as hard (objective) data. Visual images and linguistic assessments from

expert opinion form what will be called the soft (subjective) data. The term
"soft data" is chosen since it is subject to individual judgment and not

readily quantifiable (even though it may contain substantial information

pertaining to the problem).

In Section I the eleven tests representing the knowledge base will be

reviewed. The objective and subjective information outlined above will be

thoroughly examined in Svcti-1 III along with the procedures used to obtain

and evaluate them. Ir Section IV, introductory material on expert systems and

fuzzy logic will. be discussed. Th. procedures used to aggregate and combine

the informp•tin desc-bib. in Section II' wil: also be presented, along with

the structure of the DAPS code. Oection V contuins an example session using

DAPS. Finall,. Sectiott VI contains a summary and the conclusions of the work
performed fn association with this report, ilong with recommendations for

future work.

o6



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

of 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 to determine the magnitude

of the overpressure that would cause collapse of a structure. Since 1978, the

WES has tested 89 one-way slab and box structures subjected to dynamic loads.

All test programs were associated with the investigation of the behavior of

flat-roofed, shallow buried structures subjected to short duration (less than

3 ms), high overpressure (greater than 2000 lb/inl) loads. By compiling the

information 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 normally controlled by the r'sponse of the roof

slab, and that, typically, the slab failed in a flexural mode. More

interestingly, however, it was found that direct shear failures could be

induced in the structure by a sufficiently high overoressure which had a very

short rise time and duration.

Observations of structural failures resulting from the Foam HEST (High

Explosive Simulation Technique) Test Series (Ref. 3) established the need to

develop dynamic shear failure criteria. Thus, a series of eleven tests.

sponsored by the Department of Defense, was conducted in 1981 and 1982 on one-

way reinforced concrete box structures. The objective of these experiments

was to investigate possible shear failures resulting from highly impulsive,

uniformly distributed pressures. Of pdrticular interest in these tests was

the response of the roof element (length-to-depth ratios between 7 and 10) of

the box structure near the waills (i.e., regions of high shear stress). Also

of interest in these tests was the ductility of the structure associated with

7



dynamic shear failures and the ability to document the response of the

structure with high-speed photography.

TEST DESCRIPTION AND CONFIGURATION

The eleven dynamic shear tests were conducted using 1/4-scale reinforced

concrete box structures with no end walls. The configuration 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

covered sith 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 specimen.

The eleven tests are categorized into three groups as shown in Tables 1

and 2. The first group is composed of the five tests conducted in 1981, while

the second and third groups are composed of the six tests conducted in 1982.

Each of the tests was identified by a consistent system of notation. The 1981

tests were given the designations DSI thru DS5, while the 1982 tests were

designated DS2-I thru DS2-6. As all information and data relating to these

tests is labeleo in this manner, this same notation is adopted in this report.

All elements in the test series were similarly designed and constructed.

Dimensions and reinforcement patterns were the same in all roofs, walls, and

floors and are shown in Figure 4. The slabs had equal percentages of tension

and compression reinforcement and contained closely spaced stirrups

throughout.

The major variations among 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, soil cover depth,

design concrete strength, and design steel strength. Material and geometrical

properties for each of the tests are listed in Tables I and 2, respectively.

'ote that the concrete strengths were denoted as averages of cylinder

strengths at or near the date of testing.

Although the design load (charge density) was the same for some of the

tests, variations among the tests included peak pressure along the slab, rise

time to peak pressure, and decay characteristics of the pressure pulse. Load

parameters for each of the tests are shown in Table 3.

8
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TABLE 3. DYNAMIC SHEAR TEST LOAD PARAMETERS

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

lb/inS lb/in2  ms

DS1 1 1.37 4000 0.05

DS2 1 1.83 4700 0.05

DS3 1 0.91 3300 0.07

DS4 1. 1.37 3500 0.05

DS5 1 1.83 5000 0.10

DS2-1 2 2.29 6000 0.05

DS2-2 2 1.83 6000 0.10

DS2-3 2 1.14 3200 0.05

DS2-4 3 2.29 6000 0.05

DS2-5 3 1.60 5500 0.10

DS2-6 3 1.14 4000 0.05

12



AVAILABLE 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 DS5 only), and

slab deflections. In order to acquire these data, the tests were instrumented

as shown in Figure 5.

The blast pressure gages measured the actual pressure generated by the

foam HEST charge, whereas the interface pressure gages measured the pressure

transferred from the soil layer above 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 of the underside of the roof slab element were obtained

through the use of high-speed photography.

A complete summary of the digitized data recovered from the eleven tests

can be found in (Ref. 2). In general, the recovered data for airblast

pressure, Interface pressures, accelerations, and deflections were good.

Unfortunately, some of the data were "clipped" at very early time because of

extrese pressures, were subject to recording noise due to very high

frequencies, or were improperly digitized because of calibration errors. Due

to these circumstances, some of the data (active strain for examole) were

found to have only limited use or increased uncertainty.

Despite these limitations, however, much of the data were discovered to

contain very useful Information pertaining to the structural response of the

reinforced concrete box. In the next section, the experimental information

used for this study will be discussed. The subjective counterpart to

experimental information in the form of expert oinion will also be described

in Section III.

13
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III. ANALYSIS 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 elements

is presented. Following this, a brief outline of parameters affecting the

dynamic behavior of the structure's response is given. By first previewing

this information, it is possible to proceed to the more important topics of

subjective data and objective data used to qualify and quantify modes and

levels of damage.

Photographs of the eleven tests are shown in Appendix A. Since the

original purpose of thp tests was to study direct shear failure under very

high overpressures, it was only natural that the majority (7 of 11) of the

tests were subjected to complete collapse of their respective roof element,

whereas only four concrete test boxes were loaded to noncollapse levels.

Although foue of the eleven test elements did not completely collapse, it has

been reasoned that all boxes failed initially in a shear or shear-flexure mode

(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 mode. Inspection of element DS5, for exaaple, reveals that the

roof slab was completely severed from the malls of the structure along nearly

vertical failure planes. Approximately bO6 of the principal reinforcement was

broken along these two faces, together with slight necking down of the

reinforcing bars. The remainder of the reinforcing bar'ý were pulled out of

the roof supporting wall during failure. Inward translations of the tops of

the malls were 3 to 4 in from the vertical. Considerable cracking was noted

along the base of the structure, as well as At the intersection of the wall

and the base slab. Host of the concrete in the roof slab which fell was found

to be crushed and easily crumbled except in the middle third of the slab.

In a slightly different scenario, inspection of test element DS2-1

indicates that all reinforcing bars along the mest wall (see Figure A-7 in

Appendix A) were completely severed along a near vertical surface, as in D05

above. Unlike DS5 though, the east failure plane was not this same 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 nonsymeetrical load, and/or poor

workmanship during construction.

Test elements DS3 and D52-5 represent cases in which the structure

sustained severe to very extensive damage but had enough residual strength to

resist complete collapse. Permanent deflections of 10 and 12 in for test

elements DS3 and DS2-5, respectively, were recorded. In both cases, large

vertical offset (abrupt edge displacement) and sharp rotation of reinforcing

steel at the slab/wall interface, indicate an initial shearing action. While

the more heavily loaded DS2-5 is curved throughout its span, the middle third

of test element DS3 remained relatively flat. Note a!so the large in.ard

translations of the tops of the malls in element 0S2-5. The concrete cover

was broken up over the entire span, and virtually all the concrete cover on

the underside of slab D32-5 spalled off, exposing the principal reinfor:ing

steel. Similar damage can be seen in the 0S3 element but not nearly to the

save degree. Perusal of the load parameters in Table 3 shows that the root

element of test 053 was loaded to approximately 2000 lb/inl less than the 0S2-

5 element. Thus, by inspection, it can be seen that these two tests resoondeo

similarlyl but the late-time impulse in the first case vas not enough to force

it to the same level of damage as in the second case.

Observations of test elements DS2-6 and DS2-3 show instances where the

level of damage attained was only slight to moderate when compared to the

tests discussed previously. Permanent deflection is " to 4 in for each

specimen, Note again, the response of both of the structures appears to be

predominantly shear, as can be seen by the vertical o##fet of the roof slab at

the slab/wall interface. The slabs remained relatively flat with some

cracking on the underside of their central portions. Host Of the cracking and

crushing of the concrete appears in the region within a distance eaual to the

slab thickness from the wall.

PARAMIETERS AFFECTING DYNAMIC RESPONSE

The response of slabs uider dynamically applied loads is a function of

the load magnitude and distribution, slab CharacteriStics, and boundary

conditions. Thus, because of the complicated interaction of variables
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involved in slab behavior under simulated hlast overpressures, there is no

simple way to predict modes of structural response. Therefore, before

proceeding with-an investigation no soft and hard data that are available for

describing modes of response, a brief overview of pa:ameters affecting

ntructural behavior is warranted.

In itudying the response of these stru-tures, it is important to have an

idea of whether shear or flexure typically 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

capacity (either in shear or in flexure). 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

material strengths of both steel and concrete are significantly increased, as

shown in Figure 6. Because of this, the determination of the dynamic ultimate

2.6 .
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Figure 6. Dynamic strain ra'-e effects on strength of
cnncrete, steel, and aluminum (Ref. 5).
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capacity of a member is a difficult task. Therefore, in the case of an

impulsive blast load, it is especially important to unders.and the effects

induced by changes in strain rate in order to predict, design, and protect

against failure.

Ross (Ref, 4) used a viscoelastic Timoshenko beat to study the effects of

load rate on incipient elastic failure aL slab supports (assuming that one-way

slab response ir similar to thit of a be&#:). More specifically, he studied

the combination of conditions which were necessary to produce either direct

shear or flexure failure and their relative likelhood of occurrence. His

findings incltidwd the fact that shear force tends to be amplified more than

bending mogent in early time (less than I ms) because of strain rate effects.

His findings indicate that time to failure in shear is significantly decreased

when strain rate effects are included, thus predicting shear dominance over

flexure in early time.

Ross also studied the early-time response effects of load parameters,

beam end restraint, and length-to-depth ratios under the same types of

impulsive luad condltions. Excepting load duration, all parameters were f"und

to have some effect on the response nf the structure. Direct shear failures

precide flexural failures at early time for certain combinations of

parameters. Failure curves were produced which related two of the most

significant load parameters, peak pressure and rise time, to beam parameters.

Typical curves are shown in Figure 7 for slabs with parameters in group 3 (as

given in Tables I and 2). Note that points falling ab.ve the failure curves

correspond to direct shear failures and points below tho curve correspond to

flexure 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 effects on failure mode.

Another dynamic phenomenon related to the buried boxes is pointed out at

this time. Actual testing of Ohe reinforced concrete buried boxes showed that

previous analytical methods had severely underpredicted the actual strength of

these structures. After studying the pressure gages located at the soit/roof

interface, it was disctvered that slnificant late time (greater than I as)

transferral of pressure from the flexible central portion of the roof to the

more rigid supports was taking place. This is due to a phenomenon known as

soil arching. Basically, soil arching is the ability of a soil to transfer

loads through & system of shear stresses from 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 interface 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, if there is a

sufficient interface impulse to cause collapse.

SUBJECTIVE INFORMATION

ObtaininQ Expert Oninion

As mentioned 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.

Judgment of this type is used often in 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 damage. A questionnaire concerning the damage to

the roof element of the 11 test structures described previously was mailed to

60 structural engineers across the United States (35 responded). The

questionnaire contained posttest photographs (see Appendix A) of all the test

elements.

The purposes of the questionnaire were threefold. First, it was hoped

that information obtained from the questionnaire could be used to help

determine how experts arrive at their evaluations of conceptually difficult

problems. The second purpose was to determine how or why their answers were

the same or different. The third purpose was to determine if it is possible

to aggregate thene assessments into a single data base.

The format of the questionnaire was quite simple. For each picture, the

expert was asked two questions dealing with the damage shown, in the given

picture. First, "What is (are) the mode(s) of response of the roof element?*;

and second, *What is the degree of damage to the roof in that mode?" Along

with their resoonses 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 linguistic 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 linguistic answers with appropriate explanations were also

acceptable.

The questions asked of these experts were relatively vague in content and

were designed as such in order to avoid any built-in bias on the part of the

author. Uncertain wording of the questions allows the expert to interpret the

meaning without external constraints forcing his judgment and allows the most

information to be derived from a single question. On the other hand, inherent

vagueness within a question also increases the possibility of confusion and

noncomprehension.

Analysis of Expert Opinion

One of the main problems encountered with the analysis of the

questionnaire was the difference of opinions expressed in their reasoning by

the experts. Varying backgrounds among the experts is ony, possible

explanation, because some of them were familiar with the experimental test

series and some wire not. Thus, some of those interviewed had unfair insight

into the questions asked. A second problem encountered when analyzing the

responses was the interpretations of ambiguous technical and linguistic terms,

such as "severely damaged,O or "deformation near wall is small.' Another

problem was associated with a lack of information. Some of the experts were

hesitant or confused in their responses simply because specific information on

structural parameters, functionality issues, or repairability problems were

not provided to them.

Besides the large amount of raw data obtained, other positive aspects

were ascertained from the questionnaire. First of all, it was discovered

that, in general, experts were comfortable in giving their opinions even

though the pictures submitted to them were poor quality and the information

was incomplete. Secondly, many of the experts were able to predict the actual

chronology of events leading to deformation andlor 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 "Row do we decompose it into knowledge that can be

implemented into a computer code?" As pointed out 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 careful 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 components of the problem. 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,"

"moderate,4 and "severe" damage levels appear in Tables 4 through 6. As can

be seen from the tables, most experts grouped their reasoning into the

category 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 failure, further investigation revealed that,

within the category of structural integrity, the experts tended to specify

their reasonings depending on the mode 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 membrane.

From this point, it was observed that the data could be further

subdivided into specific structural attributes or parameters 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 oa these attributes along with typical descriptions volunteered by the

experts for shear and flexural modes. Similar tables for diagonal tension and

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

STRUCTURAL INTEGRITY

- 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 INTEGRITY

- end roof still in place even though significant
spalling has occurred

- plastic hinge not fully developed
- onset of membrane action
- rebar cage still intact
- lots of cracking and permanent set
- some tensile pullout and shear punch on right side

FUNCTIONALITY

- some unobstructed clear space is provided
- slight rotation of walls
- contents probably OK
- 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
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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 - rebar cage appears to be
to 1/2 span) flat

- almost uniform displacement

Crack Pattern - not many cracks visible
- no yield lines I centerline
- no crushing in the compres-

sion zone @ top centerline

Slab Near Displacement - clean vertical break
Wall - local vertical deformation

- mostly at supports
- relative displacement at

edges
- sharp gradient

Anchorage - sharp bending of bars at
support

- broken bars
- apparently yielded

reinforcement
- rebar severed at wall
- rebar violently ripped out

Crack Pattern - diagonal cracking
- can see diagonal struts

Spalling/ - considerable concrete
Crushing crushing

Walls Rotation - minimal inward rotation

Spalling/ - wall supports remain intact
Crushing with little concrete

crushing
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TABLE 8. EXPERT REASONING GIVEN FOR FLEXURAL DAMAGE

Location Attribute or Expert Description
Parameter

Main slab Curvature - smooth top bar curvature
(middle 1/3 - moderately curved roof
to 1/2 span) - interior flexural hinge

formation

Crack Pattern - cracks indicate 3-hinge
mechanism

- most cracks are on the
bottom at the centerline

- crack and deformation
pattern

Spalling/ - crushed concrete at top
Crushing centerline

- spalling at centerline

Displacement - large displacement at
centerline

Slab Near Curvature - large rotation near wall
Wall

Anchorage - bars'pulled out without
evidence of yielding

Displacement - lack of vertical offset
at wall

Crack Pattern - cracks indicate flexural
hinge formation

- tensile cracks at top
edge

- crack lines at top face

Walls Rotation - minimal inward rotation of
walls

Spalling/ - concrete crushed in
Crushing compression zone of wall

face
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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 severe

damage. Thus, by reducing or subdividing the expert information into lower

levels of knowledge as seen in Figure 9, attributes or parameters can be

defined 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 simply changing the associated adjective from "large" to "none (no)," we

change the meaning and are thus able to use the same attribute over a wide

range of conditions. However, an obvious problem arises because the meaning

of such terms as "large," "slight," "none," etc., must now be defined.

Once we have solved this problem of terminology, we have a unique set of

linguistic attributes that we can use to describe modes of response and levels

of 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 of these attributes in the knowledge combination process is

illustrated in Section IV. More specifically, expert opinion relating modes

of damage to the attributes will be combined with (user supplied) observations

of attribute levels to produce output identifying modes and levels of damage.

OBJECTIVE INFORMATION

As stated in the introduction, ore of the goals of this study was to be

able to combine objective data with the subjective information outllned above.

Before this can be done, it must be determined which data are the most useful,

and what is the most efficient manner in which to implement the data into the

knowledge base. Previously, when we referred to objective information, it was

stated that we were talking about "hard" data such as digitized waveforms.

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 difficult task of interpreting modes of failure.
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TABLE 9. STRUCTURAL ATTRIBUTES DEVELOPED FROM EXPERT
RESPONSES

Attribute Description

1 Spalling 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

5 Curvature of the main slab (central 1/3 to 1/2
span) with corresponding differential
deflection (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 approx. 45 degrees to the horizontal)

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
themselves, or in the slab/wall joint
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Damaqe Modes

The amoLffD of information that can be obtained from digitized waveforms

is enormous. From interface pressure data alone, 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 impulse valces, and decay slope of the

pressure record after peak pressure are but a few of the possibilitie's 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 interface

pressure waveforms, 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 each 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

indiLator of early time response (less than I ms) of the roof slab. They

noted that pair-wise comparison of the three pressure records would indicate

whether shear or 2'exure response dominates at early time.

In the event of a flexure controlling failure, pressure plots are similar

for locations I and 3 and different than location 2, as shown in Figure 10.

Rapid decay of the relatively flexible centerline of the slab indicates

movement downward, while readings near the support and over the wall remain

higher for a longer period of tine. These sustained high pressures indicate a

rigid boundary condition with these two locations (U 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 I

stays higher, longer, indicating a rigid boundary condition. Rapid decay of

pressure at location 2 and location 3 indicates downward movemant 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 Oredicted. 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 complete

membrane response is indicated by tension in all reinforcement. If initial

shear controls because of dowel 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 general, velocity/acceleration graphs can provide insight to trends in

the response when combined with shear strain data. For instance, modes of

damage are recognized In the data by certain features in the midspan velocity-

time histories. A dip in the velocity ýollowing the initial peak indicates

flexure is dominant, while a monotonic increase to peak velocity indicates

shear is dominant. The reason for these trends is based upon rigid body

motion concepts similar to those discussed previously for the interface

pressures. Because of the fact that only three of the eleven test elements

(DS3-0S5) were equipped with acceleration gages, more velocity/acceleration

data are needed for analysis before mode predictions can be made with any

confidence.

Typical deflection profiles obtained from high-speed photography for

tests D03 and DS2-S appear in Figures 12 and 13, respectively. Rotation at

the support, curvature of the central portion of the span, and differential

deflection ratios from variovs sections along the roof span can provide

measures of mode response. Large vertical offset and sharp rebar rotation at
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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 simple 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 13.

Experimental data from the eleven tests provide a wealth of information

for determining structural modes of response. 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 system. Therefore, from the information outlined

above, only the interface pressure data and deflection profile 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 most complete sets of data from the eleven tests. Secondly, they are

assumed to have recorded phenomena significantly above the noise levels of the

gages. Thirdly, these two features were used in previous analytical efforts

in attempts to characterize failure conditions. Finally, these features are

an actual measure of the overall behavior of the beam. The methodology used

for implementation of these data into the code is detailed in Section IV.

Dimnae Level-%

A significant effort has been expended over the last several years to

analyze and understand the structural modes of response controlling the

behavior of reinforced concrete boxes to impulsive blast loads

(Refs. 3,5,B,9,10,1l,12,13,14). Although modes of response are important

factors in this study, the damage level Imparted to the structure because of

these various modes is also of interest. In the section on subjective

information it was found that careful decomposition of expert opinion resulted

in linguistic attributes that could be used to describe both modes of failure

and damage levels. Thus, in this section, we seek parameters obtainto from
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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 this

study can be expected to sustain damage within a broad range (possibly even

total collapse) as seen in the photographs 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

structure that is subjected to a load which just initiates a yield conditiun

in the roof slab might be considered only slightly damaged if none of the

contents 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 thp 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 simply compare the maximum

value of a parameter (deflection, rotation, or curvature) to tiie first yield

value. For simple models and static loading conditions, these quantities

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 example, reliforceo concrete

structures are damaged by a combination of repeated strets reversals (cyclic

loading) and high stress excursions. For this reasoi, the defilaition of

damage In terms of the ductility ratio may be inadequate. As damage

accumulates in a structural system, its strength diminishes, and energy is

dissipated. Energy dissipation then, as Banon (Ref. 15), Park (Ref. 14), and

Wang (Ref. 16) show, can be an effective quantity by which damage is measured.

Calculation of the dissipated energy produced hy earthquaPe loads is a

relatively straightforward procedure. Single-degree-of-freedom (SOOF) models

can be used to calculate the increme'tal energy dissipated from hysteretic

force-displacement diagrams. In tN problem under conoideration, however, the

loading is impulsive rather than cyclic, and the force-displacement

relationship is much more complicated. Thus, application and implementation
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of similar methods to the buried structure problem would be a formidakle 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 same 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 performed for each test.

Energy 6jS2 P-d6 (1)

ti
Impulse f P.dt (2)

t0

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

roof slab, 61is the deflection of the roof slab at a specific point at time

t* , and 6. is the deflection of the roof slab at the same point at time t2

Various summations and ratios of these values were tabulated and compared

to each other for usefulness as damage measures. Little correlation was found

between some 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 difficult to obtain

a true measure of the entire roof response.

Although some of the features which were calculated exhibited fair

within-group trends of damage (i.e., compared well with linguistic damage

level assessments), none of the features studied could be used to show trends

of damage for all groupings. In other words, none of the features was

adequate in classifying damage for all 11 tests.

Deflection profiles were examined next because of the inherent

information contained concerning damage/deformation. The calculation for one

of these damage features is shown in Table 10. Note that the magnitudes of

the normalized values compare well (within the group) relative to the
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TABLE 10. CALCULATION OF VALUES FOR A TYPICAL DAMAGE LEVEL
INDICATOR

Damage Indicator (D.I.) J0 6cdt + fSwalrdt

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

and 6wall is the deflection of the roof slab near the wall

at time t.

Test No. Group Visual D.I., Normalized
damage in-ms D.I.

assessment

FHja 1 Slight 18.41 0.22

FH2a 1 Total (collapse) 81.94 1.00

DSl 1 Total (collapse) NAb

DS2 1 Total (collapse) 74.69 0.91

DS3 1 Severe 27.49 0.34

DS4 1 Total (collapse) 50.39 0.61

DS5 I Total (collapse) 79.14 0.97

DS2-1 2 Total (collapse) 62.16 0.76

DS2-2 2 Total (collapse) 74.92 0.91

DS2-3 2 Moderate 32.63 0.40

DS2-4 3 Total (collapse) 68.59 0.84

DS2-5 3 Very Extensive 48.01 0.59

DS2-6 3 Moderate NAb

aData obtained from Foam HEST Tests (see Ref. 3).
bDeflection 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

features were able to predict damage levels for all 11 tests.

After careful study of all the features calculated, it was concluded that

the phenomenon of within-group agreement is caused by variation in the major

test parameters (fc ', p, L/d). Although much work 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 simple, but

effective feature based on deflection profiles was chosen for inclusion into

the computer code for demonstration purposes. The damage level value for any

given test is computed using Equation 3.

L

Damage Level = 
(3)

L .t

The time of 15 ms was chosen because most 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 linguistic

assessments, a scale (shown below) was created for classifying damage levels.

None Slight Moderate Severe Exen~ve Collapse

--- --- ... . . - --- 1 ---------- I ---------- I ------------ : -... . )
0.0 0.2 0.4 0.7 1.0 1.3

In this section, all the information needed to adequately describe the

modes of response and levels of damage present in the buried concrete box

structure have been described. The only remaining task, therefore, is to

integrate this knowledge into an efficient, user-friendly code. In the

following sectiot, the methodology used to accomplish this task is discussed

in detail. This discussion includes both the theory behind the techniques and
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the computer algorithms used.to implement them. And, in order tohelp the

reader understand the program which has been developed, an example session

using the DAPS code is presented in Section V.
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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 developed.

A RULE-BASED EXPERT SYSTEM APPROACH

Expert systems are an outgrowth of a subdiscipline of Artificial

Intelligence (Al) research begun in the mid-1960s. Early researchers in the

field of AI were interested in building machines capable of pattern

recognition, sensory perception, learning, and comprehending the 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 computer as an

idea processor rather than a number cruncher.

Expert systems are but a small fragment of the Al field. The purpose of

an expert system is to play the role of a consultant or an expert operating in

a very restricted domaln of knowledge who gives advice to someone with a task

or a problem within that domain. In other words, expert systems try to

capture a little of the complex process of human reasoning. In its simplest

form, an expert system is a collection of knowledge in the form of Orules-of-

thumb," as practiced by the domain expert, together with special techniques

for applying the proper rule at the proper time.

A question that might arise at this point is "How does one recognize a

good candidate problem for expert system implementation?" A response to this

question is shown below as a list of identifiable expert system

characteristics.

"* A relevant body of knowledge exists and is available

"* The skill involved is one which could be taught to a new employee

"* The knowledge can be expressed in bite-sized pieces that make sense

standing alone

* Solving the problem without a computer takes an expert no less than
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a few minutes, and no more than a few hours

* The benefit that will come from developing the system is sufficient

to justify the cost involved

9 The problem contains subjective parameters which are inherently

difficult to quantify

As we see in Figure 14, the two major parts of an expert system includo 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 reasoning. The heuristic knowledge in the

knowledge base has been collected from one or several human experts and is

composed of condition-action statements in the form of IF-THEN type rules.

The inference mechanism is the portion of the code separate from the

knowledge base which uses the rules together with data from the user to

"reason" through a problem. During each cycle, the conditions of each rule

Knowledge Acquisition Knowledge/Rule
Experts..- - --- --- - - - a

Users Iferenca M~echanism~

Question/AnsWerincj

Forward I Backward
Chaining I Chaining

Explanation

Facility 7
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 actions

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. A rule will not be

triggered if there is the slightest discrepancy in matching. Also, one rule

may activate several other rules, and the propagation of rules may proceed

either forward or backward or a combination of bnth.

This forward or backward propagation of rules describes the two types of

inference mechanisms. The first, known as forward chaining, is simply a

bottom-up seach. Starting with low-level facts, information is deduced until

a final conclusion is reached.

Example: Rule I IF: A

THEN: 8

Rule 2 IF, 0

THENO C

Given A is true, then the conclusion C is eached. The second aethod,

known as backward chaining, is a goal-oriented search. Starting with an

assumed final conclusion, the system works backward through the rules until it

finds sufficient data to establish the conclusion or goal.

Example: Find out about C (goal)

IF1: B THEN: C (Rule 2)

IF: A THEN: 8 (Rule 1)

IF: A THEN: C (implicit RuIZ)

For this study, various inference mechanisms were investigated for

possible use. In particular, the inference mechanism tn SPERIL-I (Ref. 17l

was thoroughly examined. The inference mechanism usaa in SPERIL-I is a

backward chaining mechanism using the Dempster-Shafer theory of evidence to

process uncertainties in the knowledge base. After careful analysis it "as

determined that an expert system shell would be used. An expert system shell

is essentially a complete expert system minus 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 FUZZY 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, ambiguity and vagueness

within the representative language, 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 abiliLy of humans to

extract the important items out of a mass of informatinn is derived from a

human tendency to think approximately. In other words, human thinking

involves a gradual transition from membership in a clasi to non-membership inl

a class rather than an abrupt change between classes,

For example, most peoole would agree that a person 6'-6" in height is

"till." They would probably also agree that a person 5'-6" in height is "not

tall." How then do we classify a person who is V'-11" in height? Obviously,

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 the

"tall" class. This is naturally how humans think.

Because most of the knowledge in an expert system is obtained from human

experts and because much of human language and knowledge is vague, it is

usually true that facts and rules are neither tntally 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 tneory o4

fuzzy sets is used to help assess uncertain information derived from this

approximate reasoni . process.

In any given lannuaget the values of a iinguistic variable are words,

phrases, or sentences. For example, structural damage can be considered as a

linguistic variable with values such as "severely damaged," or "Moderately

damaged." These are meaningful classifications but not clearly daiined. With

the use of fuzzy sets, however, we can quantify such termino!oky and apply it

in a meaningful way to help solve a complex problem. An evident advantage oi
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the fuzzy set approach is the possibility of representing numeric and

linguistic variables in a unifgrm way and of using a formalized calculus to

manipulate these variables. Simply defined, fuzzy set theory 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 and repeatable laboratory conditions conducted on simple models,

this probabilistic notion readily applies; but, in real-world (in particular

human) systems, experiments are rarely identical and repeatable. Therefore,

for the subjective assessment of complex systems, probability has its

limitations.

Fuzzy Sets Defined By Emamo•L

The vagueness or uncertainty as to whether an object belongs to a class

or set is a question of membership. In classical set theory, an element is

either within the domain 0o the set, or it is not. Matheaatically, this

binary notion of set membership is handled with the indicator function. In

fuzzy set tneory, the degree of membership of an element x in a set A, denoted

WA (x), can be any value in the interval (O,1l. For instance, if the

meaborship level is one, then the item or object is definitely a member. 14

the membership level is zero, then the item is definitely not a member. If

the membership value is between 0 and 1, then the value stated indicates the

belief that the object is a member of the set.

In fuzzy set theory, the set A can be represented in terms of its

membership function as follosis.

A 1 -, - I + ( X2 ,A ( n A (I
X, X2 I 2
a 2 n i-l i

where each x is an element of the set A. When x is a continuous variable,
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the set A is denoted:

A = 11 A(x )
A f~i

x

where the symbol "-" is a delimiter which denotes the association of the

membership value pn(xi) with the element of A, and the symbols 'f" 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 = 12.0, 3.0, 4.0, 5.0, 6.0, 7.0] (k/in2 )

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

A moderate strength concrete may be expressed in fuzzy terms as:

0.0 .2.0 . 0

"Moderate Strength' = [ + 0 * +5.0 - 7.0+

In other words, this expression means that 5.0 k/in2 concrete is definitely a

member of the set "moderate strength," 2.0 and 7.0 k/in 2 are definitely not

members of the set 'moderate strength," and 3.0, 4.0, and 6.0 k/in2 concrete

are somewhere in between ip terms of membership. A classical representation

using crisp set theory could be expressed as:

"Mioderate Strength* [ 20 ii, Qo + i -]

The difference between a "fuzzy" representation and the "classical"

representation of "moderate strength" is illustrated in Figure 15.

The construction of a membership function is a straightforward task that

can be accomplished with the cooperation and assistance of a panel of

experienced engineers or experts in the specific field. The resulting

membership functions can then be manipulated in a logical manner to obtain an

answer to a complex problem.

The presentation of the mathecatics of the fuzzy set theory is bayond the

scope of this report. For more detail, the reader is referred to any of

References 9,18,11%,20,21,22, and 23.
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Multiple Attribute Decision Analysis

In most engineering problems, there are typically many solutions or

alternatives available to the engineer for solving a problem. In order to

choose the most optimum solution to the problem, the engineer must have a

method by which to assess and compare each of his alternatives. One such

method is outlined herp. 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,

A 2..A n. 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 linguistic 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 linguistic weighting term,

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

11.

1 .0- r.-- ---

- ,. Classical

0.5 -

o.q .--
2 3 557 8

Strength V,

Figure 15. Classical and fuzzy representations of a moderatestrength concrete.
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Assuming that the linguistic terms rj, and w1, can be quantified, the

following equation. can be used to determine a weighted average rating for each

of the alternatives:

n
E w rii

Rating for A. (4)
i n

~W.
j=l I

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. (Ref. 20), have derived an efficient computational method,

called the DSW algorithm, by which fuzzy sets are integrated into this

multiple-attribute decision process. The linguistic terms associated with the

ratings (r .), and the importance weightings (w.) are assigned fuzzy 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 algorithm is well suited for computer

isplementation.

The usefulness of this algorithm will be examined later where it will be

shown how the DSW algorithm can be effectively used to combine the subjective

information outlined in Section III into a preliminary decision relating modes

of structural response to degrees of damage.

ORGANIZATIONAL STRUCTURE

Oyerview

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 damage

assessment of protective structures. In Sections 1, 11, and Ill the problem

was introduced, and the available information for possible inclusion into t.ne

code was reviewed. In earlier subsections the "tools" used to synthesize all

this information were discussed briefly. The purpose of later subsections
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will be 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 integrity, funct'ionahity, and

repairability. Given sufficient information, 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 from each

of these factors and to combine them into one meaningful assessment. This

procedure is represented in Figure 16.

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 module within the expert system

architecture. Using the expert system shell EXSYS as the inference mechanism

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 form of fuzzy sets is passed to an

external program, where a DSW algorithm is activated to combine the

assessments. Only the structural integrity module of Figure 17 was developed

for this report.

The logical flow of the structural integrity module is outlined in Figure

18. There are three major parts ta this module as followst (1) Rules

concerning total failure, (2) Rules concerning soft (subjective) data, and (3)

Rules concerning hard (objective) data. The first part of the code deals with

the trivial case of total failure of the structure, i.e., roof collapse. For

this particular case, several rules were developed from 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 determined. The level

of damage is set to total failure, and the remainder of the structural

integrity module is bypassed. An example rule follows.
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(a) Damage level assessments: Damage level

Structural Integrity Moderate

[.B]3xl Functionality Slight

Repairability. Severe

(b) Weighting or importance matrix:

I- 44
= "- 0

iL I.

4J I 4..9

CA *x Important Very important jLess important

(c) Ultimate goal:

Final answer: [A] x C8] a CC]

Damage level

C Overall damage (F Joderato

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

Structural Integrity External
ModuleFunction

Calls

External
Repairability Module Function,• Calls

II
Functonalty MduleFunction

CallIs

I Results of Analysis

From Individual Modules

-" I ... I Overall1 .

Dalmage

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

Begin

Total Failure
Fuunctions

IRules Describing Results
Iof Soft Data External

I Soft Data AnswersSN
-r -- Remain Resident for

I I Later Use

J Ea rly Ti me

SBegin Hard Data Hard ata
Analysis External

I : Functions

Rules Describing Results of
Early Time Hard Data -
External Functions

Late Time
a Exun Late time Har- _______Hard Data

II tExternal
I ______________________________Functions

Rules Describing Results of
Late Time Hard

I External Functions

I u:put Results of

-Soft and Hard 
Data

Analyses

To future modules for functionality
and repairability

Figure 18. Logical flow of structural integrity module.
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RULE NUMBER: 5

IF:
comolete failure of the struct.ure 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

fail, Ž)
and the failure surface(s) at both supports are relatively rough with many

cracks and "concrete teethu
and inspection of the failure region indicates the main reinforcing bars

exhibited rupture after significant deformation (note "neckingo 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 after significant rotation and
deformation. It is possible that the failure region was underreinforced
- Probability=i

and [FAILURE MODES] IS GIVEN THE VALUE "KNOWN"

The second and third parts of the module deal with the subjective and

objective data respectively, as outlined in Section I1I. Because these two

parts encompass the major effort of this report, the methodology used to

develop and implement these two parts will be discussed in later sections.

Structural Intearity Analysisl Using Soft Dat&

Derivation ,,f Analysits Procedurv. When the data from the expert

questionnaires were analyzed, it was originally intended that this information

would be codified into the computer in typical expert system fashion, i.e.. in

the fore of IF-THEN production rules. Upon further investigation, however, it

wa& found that this could not be accomplished easily. The reason fOr thts is

due to a combinatorial explosion. In most expert systems, the whole purpose

of a rule base approach is to use intuitive logic in the form Of production

rules to "prune' the number of paths or combinations available for solving a

complex problem. In the case under study, the number of possible structural

attribute combinations land therefore number of rules) is sigply such too

large to be handled in the normal manner.
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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 damage; none, slight, moderate,

severe, very extensive, or unknown. Since there are 10 attributes, the number

of possible combinations for the full space is 610 = 60,466,176. Obviously,

even though all these combinations are mathematically possible, most of them

would have no real physical meaning in terms of describing the modes of

response of the structure. The point of the illustration is this; 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 fuzzy

logic approach. To accomplish this, we found that there existed two very

useful conceptual relationships within the expert data which could be

expresised in matrix form. The first matrix, which will be denoted the user

matrix CU], is shown in Figure 19a. The ten rows represent the ten structural

attributes identified 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

one of six degrees (none, slight,...unknown) that best describes the level of

damage of each structural attribute. For example, AI might be slight, A2

might be severe, A3 might be none, and so on. For each linguistic term, there

is a corresponding fuzzy set representation.

The second matrix relationship, denoted (E] in Figure 19b, is slightly

more complex and, thus, must be carefully explaineda This matrix is termed

the expert matrix because the relational contents are derived from expert

opinion. In Figure 19b, the [E) matrix is shown to be three-dimensional.

Each row represents a major mode of response, each column a structural

attribute, and the third dimension normal to the page represents the six

degrees af damAge attainable by each structural attribute. Thus, each slot in

the (A. x Mode) space represents the relationship between a given mode and aI

given attribute which has achieved a given degree of damage. Careful study of

the expert reasoning process showed that most experts' judgments of the

relationship between a mode and an attrioute depend on the degree of damage

attained by that attribute.
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(a) [U] Matrix produced by user input: Damage level

A l i

A2

A3

A4

Ai i th Structural As
attribute A6

A7

As

A9

(b) CE) Matrix produced by expert opinion:

Very extensive Unkno O A

Moderate $ever r z ' z

An A A A A 5  A • A 7  A 8  A g A 1
Shear r ký

Dliagonal Tension

Flexure

Tension Neiubrane

(c) Product of (EJ x CU] CPI Dauge level

Diagonal tens ion

F1 exure

Unsion Heabrane

Figure 19. M'atrix relationships for subjective information.
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For instance, take the first slot in the upper left-hand corner of Figure

19b. Given that attribute AI is none (with respect to damage), an expert

might determine that there is no relationshio between shear and attribute A1,

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

AI has nothing to do with a shear mode response) and comolete relationship

(i.e., shear mode response is significantly dependent on the degree of
attribute A ). Since the idea of relationship is a continuous function

between no relationship and comolete 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 example above.

Given that the CU] matrix is filled by user response, and the LEI matrix

is filled by expert opinion, the two may now be combined to produce an

analysis of the damaged box. The process used to combine the two matrices is

the DSW algorithm discussed previously. In this case, however, the criteria

are the structural attributes, the ratings are the values given in tU3, and

the weightings are the values given in CEI. Using the DSW algorithm, the

1.0

,-aX4 e FuZZy Set representing

10.

0.0 X
NoneO 1 2 3 4 S 6 7 a 9 Total

Degree of' assoclationftilatton betwess
a given node and a given attribute

Figure 20. Example fuzzy set representing *No Relationship"
between a shear mode and Structural attribute A V
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damage level of tha structure associated with each of the four modes can be

calculated using Equation 5.

10F Ei. U.

(Damage Level). = 10 (5)1

SF, Ei j
• j=l

It is important to remark here that although the CE) 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 levels 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 CE] has been reduced to a two-dimensional matrix, it may be combined

with [U]. The result of this operation is a 4x1 matrix denoted [P), as shown

in Figure 19c. Each slot of [PJ 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 for

linguistic terms is necessary. Because the linguistic 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 comclexity in mathematical manipulation makes them very

undesirable. F ,r this study, the fuzzy sets chosen to describe degrees of

damage are shown in Figure 21. Typically, the shapes and their locations in

the universe of discourse (abscissa axis) are decided by consensus of expert

opinion.

In particular, the reader should notice the fuzzy set representing the

linguistic term "unknown.' After much debate and many trial shapes and

calculations with these shapes, a rectangle (unit membership throughout) was

chosen. Upon reflection, this shape appears to be the most intuitive choice.

The very idea of an "unknown" damage level implies that it could be anywhere
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Unknown - Unit membership throughout
1.0

.None S1 ight Moderate\ Severe Very
/ lextensive

/ /
~0.5

'2'/ / / \ i

0 1 2 3 4 5 6 7 8 9 10

Damage Grade

Figure 21. Fuzzy sets representing linguistic damage levels.

between "none" and *very extensive,' The implication of including unknown

into a calculation is to extend the resulting answer in both directions, i.e.,

toward *none' and toward 'very extensive.' Thus, the addition of 'unknown'

into an analysis lends more uncertainty to the answer, just as it SoOUld.

The interpretation of the calculated fuzzy sets is a difficult task.

Ideally, the goal is to find a linguistic term that corresponds to each

calculated fuzzy set. Because of the nature of the weighted average

algorithm, however, the actual shapes of the resulting fuzzy sets may not be

as neat and symmetrical as the fuzzy sets used to produce thee (i.e.,

triangle•, tr:pezoidst or delta-functions). If we superimpose a typical

calculatel• Uzy set onto the universe of fuzzy sets representing the

different Oamage levels as shown in Figure 22, it is possible to make a
cosparisun between the shape of the calculated set and each of the predefined

datag. level sets. One way of comparing fuzzy sets is to use a difference
leasute, denoteo 0. If the value of D between the calculated fuzzy set and

one of the predefined sets is small, then it Is possible to say the sets are

sieilar, In the case of good similarity, tht linguistic -term for the

predefined fuzzy set may be applied to the calculated fuzzy set.
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The difference D can be-measured by a number of techniques, some of which

were examined for this study. The difference measure chosen is a modified

Euclidean 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 =/ XLi " (X L22 +[(X'R)i - (X R]

where

n a number of a.-cuts

i 1,2, '- I0

(Xy = Left-hand damage level value at the ith a-cut level of B'
(XL)i = Left-hand damage level value at the ith a-cut level of Bi
(X*) = Right-hand damage level value at the ith a-cut level of B'

R(XR)i a Right-hand damage level value at the ith 0-cut level of B8

Tho modification to the Euclidean approach involves the use of the a-cut

interval method, which forms the basis of the OSW algorithm. As we see in

Figure 22, a-cuts are simply parallel horizontal lines of constant membership

that cut through the fuzzy sets, The intersection of these lines with a fuzzy

set identify points on the universe of discourse which have the same

membership value.

Using Equation 6, it is possible to calculate the differenCe measure, 0,

which is a measure of the difference between the calculated fuzzy Set and eacn

predefined #uzzy set. The linguistic term chosen for the calculaLed fuzzy set

is simply the linguistic term corresponding to the predefined fuzzy set with

the lowest 0 (i.e., highest similarity). Although this is probably not the

mOst rigorous or elegant method available for determining similarity, for

demonstration purposes, it provides a good Indication of relative similarity.
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Explanation of External.Programs Used in Soft Data Analysis

The previous discussion was focused on describing 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 iii

Figure 18- the code begins by determining if complete failure of the structure

has occurred. If true, the code proceeds as discussed previously. However,

if the answer is false, a series of calls to external programs is made by

EXSYS in order to begin processing the soft data. There are four external

programs used in the soft data manipulation process, as shown in Figure 23.

All external programs were written in either FORTRAN or BASIC computer

languages. Programs written in BASIC were done solely because of the

extensive graphics capabilities available in the language. Each of the four

programs will be discussed next.

Program FUZSET. The program FUZSET is the first program to be called

from EXSYS. This portion of the code is written in BASIC and is composed of

two major sections. The first section of the program presents graphic

pictures of the fuzzy sets that will represent the linguistic terms none,

slight, moderate, severe, very extensive, and unknown, similar to Figure 21.

These fuzzy sets were predetermined by the authors and are stored in the data

file USER.DAT. During the prjntation of these 41.'zzv sets, the user is given

the option of viewing or changing their shapes if he/she is uncomfortable with

the current defined shapv

The second section of the program deals with the user matrix [U] and the

expert matrix ME] described previously. It is at this point in the code that

the computer questions the user about the ten structural attributes listed in

Table 9 (assuming they have access to the information). During this question

and answer period, the user also has the option of viewing the fuzzy

relationships in the expert matrix EE] dealing with the attribute 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 may also change

the relationships in the [E] matrix if they are unsatisfied with expert

opinion on a given mode/attribute relationship. All fuzzy sets are stored in

data files as shown in Figure 23.
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FSrom Program FUZSET ] , •A
Y See/Change Fuzzy Sets For No

Linguistic Damage Terms?
Yes EMOD.DAr

Show/Change Fuzzy Sets 
___

IAsk Questions of User U.A
On Structural Attributes

I Program COMBIN

I / Calculate Levels of __
Damage Associated With

Each Mode
I! PLOT.AT

[--Do Similarity Analysis

Program COLORPLOT

I
._ _ ___e

Program RETURN

L To EXSYS V alues Calcylated _

rVia F,.ATile in ....i r
ietrn.GAT

Figure 23. Organization of soft data external functions.

64



Proqram COMBIN. The program COMBIN is a program written in FORTRAN and

has no direct interaction with the user. COMBIN is called immediately upon

completion of the program FUZSET, and its major purpose is the combination of

information derived from the user in FUZSET. This combination process is

accomplished through the use of Equation 5 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 performed on each calculated fuzzy set

using Equation 6. Thus, a linguistic term is applied to each mode of

response. Of these four linguistic descriptions, the term describing the

highest level of damage becomes the overall damage indicator of the structure

as determined by subjective data.

Proaram COLORPLT. 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. If yes, the program is run; if no, EXSYS continues without

executing COLORPLT.

Program RETURN. As seen in Figure 24, the sole function of program

RETURN (written in FORTRAN) is to transfer to EXSYS answers obtained in all

external programs. The values obtained in COMBIN are placed in a temporary

data file called TEMPI.DAT, RETURN simply reads these values and returns them

to EXSYS via file RETURN.OAT, as explained in Appendix 8. Five values are

returned to EXSYS in this manner, the first four representing the damage

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

the structure.

"Once the values have been passed to EXSYS, there art several rules (rules

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

and damage levels computed by the program COMBIN. An example rule follows.
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I From Program TIM

EXSYS 
Calculate Early

I Time Controlling
SI Mode of Response

I
Time - Program IFPLOT - EXP. 1Time 

EXP.

I
To i iY Program RETURN

VTO EXSYS iReturn Values Calculated r

Return.DAT i T and i

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

SFrom •Program DEFLECTI To EXSYS 
Valuei Paoculae 

_ _ _ _ _

Figue4 Orand Ask User Questions, r d xf t
Calculate ge Level. ..

S~~~Late Usitng Eqn. 13-3 /... .

Time

To EXSYS Rturn Values Calculated
SVia File ... in DEFLECT I

IReturn.OAT I I

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 not
been completely separated from one or both of its supports)

and flexure damage is moderate

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 supplied by the user are
combined by weighting them with expert knowledge relating modes of
failure to these same parameters.

This information not only is output at the end of an EXSYS run but can be usfid

later in the code as a priori knowledge in rules dealing with the

functionality and repairability of the structure.

itr¢ctural Intearity Analylis Usino Hard DatL

Having completed the analysis of the soft data, the code proceeds to the

hard data portion, as shown in Figure 10. In the soft data analysis just

ditcussed, the information used was derived from "extremely late-time" data,

i.e., posttest observations. On the other hand, all available data to be used

in the hard data analysis corresponds to structural responses occurring

between 0 and 15 is after initial loading. Nevertheless, the hard data

analysis described in this section will be assigned to two segments, one based

on early-time analysis and one on late-time analysis.

The reasoning for these separate sections is 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 determining modes of response at different ooints
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in time. Interface pressures, for example, give a good indication of early-

time (less than approximately 2 ms) slab response, whereas deflection profiles

give a good indication of late-time (greater than approximately 2 is) 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.

Therefore, in the next subsection the techniques and external programs

used 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"

assessment of the structure.

Early Time Analysis

The calculation of the early-time response of the structure in DAPS is

limited to two programs external to EXSYS. These two programs, TIM and

IFPLOT, are illustrated in the top half of Figure 24, and an explanation of

each is given below.

Program TIM. Program TIN is a FORTRAN code developed by Nickelsen (Ref.

24), which determines the early time response of a fixed-fixed beam using a

Timoshenko beam model. The computer program first solves for the natural

frequencies of the Timoshenko beam model. These natural frequencies are then

used in a modal analysis to obtain the response characteristics of the beam.

The purpose ot tho program is to determine the controlling early time response

mode ot the structural element. This is accomplished by determining the times

at which the support shear and support bending moment reach their ultimate

capacities. Whichever force exceeds its capacity first, controls the early

"time response.

The fixed-fixed beam model is used because it represents very well the

one-way, early-time response of the roof slab in the buried box structure

(Ref. 7). The inputs to the program include material, geometrical, and

loading parameters of the box structure under study. These parameters are

obtained interactively from the user before the program TIM is executed. The

output of the program is a value equal to either 0 or 1, representing a direct
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shear or flexure mode respectively. The value is written to the temporary

data file TEMP2.DAT for later use, as shown in Figure 24.

Program 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 impulse plots of the structure under study.

The user is then presented with a question concerning the similarity of the

superimposed 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,

example plots, and actual plots as desired, before making a decision. As

discussed earlier, the purpose of this comparison is to determine whether the

early-time response falls into the category of shear, flexure, or shear-

flexure. The output of IFPLOT is a value between I and 3 (shear a 1, flexure

a 2, shear-flexure * 3), representing each of the possible modes, and is

stored in the temporary data file TENP3.DAT.

With programs TIN and IFPLOT completed, the data obtained from these

analyses are transferred back to EXSYS via the program RETURN. Within EXSYS,

the data from TIN and tFPLOT are linguistically interpreted in rules 45-48,

providing an assessment of early-time response. An eoaole rule follows.

RULE NUMBER: 45

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 modified Timoshenko beaa analysis is
shear

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

THEN:
early time response as determined by a combination of Timoshonko beam
analysis and interface pressure data is predominantly shear -
Probability.i
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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 implies that there is no overwhelming 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 program DEFLECT, as shown in the bottom half of Figure 24. An

explanation of this program follows.

Proaram DEFLECT. DEFLECT is a program written in BASIC. It shows the

user the deflection profiles of the underside of th4 roof slab at 3 ms and 15

is. The usefugn~mss t deflection data in determining modes of response was

presented earlier and is implemented in DEFLECT. Only two deflection profiles

were used to illustrate the concept of late-time analysis. Other deflection

profiles at different times could have been used just as easily.

After viewing the deflection profiles, the user is asked three questions

(Fig. 25) concerning the magnitude of deflection at the centerline and

deflection ratios calculated at the wall, quarter point, and centerline. To

aid the decision process, the user is allowed to toggle between questions and

profiles in order to study them more carefully. Because the questions are

somewhat subjective, numerical limits on linguistic terms (e.g., 'very small

deflection" is approximately 0.5 in) are given to aid the user in his/her

response.

The damage level of the structure as determined by objective inforeation

is also calculated within the program DEFLECT. Using Equation 3, the

deflection profile for 15 ms is numerically integrated to provide a measure oi

overall damage. The value calculated by Equation 3, along with the answers to

the three questions, are stored in a temporary data file, TERP4.9AT, as shown

in Figure 24.
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Ouestion 1

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

a < 0.5 in is considered very small.
- 0.5-1.5 in is considered small.
- 1.5-3.0 in is considered moderate.
- > 3.0 in is co.osldered large.

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

I. Very small

2: Small
3. Moderate
4. Large

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

fluestlon 2

At 15 ms, the ratio of differential deflection (near-wall deflection minus
center'ine deflection) to slab thickness is 0.2'Z, Typically, when
evaluating modes of response (especially flexure and tension membrane), a
ratio in the range of

* < 0.3 is considered In relatively flat.
- 0.3-0.6 is considered moderately curved.
- ) 0.6 is considered highly curved.

In your opinion, given this information and the deflection profile, which
category do you think the qiven ratio of 0.26 belongs?

1. Relatively flat
2. moderately curved
3. Highly curved

Enter a value of 1-3. or just ENTER to view plotV

Question 3

At 15 ms. the ratio of differential deflection (near-wall Oflection ýtinu;
centerline deflection) to slab thickness is 0.28. At 1. *%,, tfhe rdtio of
differential deflection (near-wall deflection minujs tj deflection a
distance t * thickness from the wall) i1 0,05. The differenc betweqft these
two ratios is 0.22. Tyoically, wbeft evaluating modes of resoonie
(etoecially dia.onal tension), a difference of

- < 0.15 is consideted to be vsall.
- 0.15-0.30 is conslde'ed to be moderate.
• > 0.30 Is considered to be large.

In your opinion, given this information and the deflection profiles, Wth

category do you believe the difference of 0.22 belongs?

1. Small
2. Aberato

3. Lvvft

Enter a value of 1-3, or Just ENTER to view wiolt

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

Upon completion of the program nEFLECT, the answers are transferred back

to EXSYS via program RETURN for interpretation. Within VXSYS, rule5 50-73 are

used to linguistically interpret the answprs 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 of the structure. The answer to this

antecedent (i.e., shear or not shear) is predetermined by the early-time

analysis as explained previously. The third and fourth antecedents of the

rule are determined by the external program DEFLECT. Thus, after all external

programs have been run, if each of these antecedents is true, then the

consequent portion of the rulv is fired (i.e., late time... predominantly

shear).

This example ihohs that, although the early-time response and the late-

time response are calculated in separate external programs, the late-time

response as determined ty rules 50 through 73 is dependent on the combined

responses. Thus, rules 50 through 73 represent all possible combinations of

output from the external programs, and the late-time response is actually

determined by looking at both early- and late-time responses together.

As for the overall damage, the value calculated within DEFLECT using

Equation 3 is given a corresponding linguistic Interpretation In rules 71-78.

Rule 74 is shown in Figure 26 as an example.

In this section, the methodology used to organize a large problem in the

for* of An expert system was described. In particular, it was shown now rule-

based information, fuzty set theory, and calculational programs with varied

functions can be Implemented efficiently into a single system to help solve a

cosplex problem. As an example, the programming techniques used to codify

this informjtion for structural integrity analysis of a buried box were

described.

The output of this structural integrity module are the modes of response

and levels 04 damage as calculated by subjective and objective information.

At this point it is important to remind the reader that the output from this

module is only a partial answer. This information, in turn, could be used as
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RULE NUMBER: 50

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
analysis and interface pressure data is predominantly shear = I

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

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

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

and [LATE RESPONSE] IS GIVEN THE VALUE I

RULE NUMBER: 74

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

and (DAMAGE LEVELJ < 0.2

THEN-
the overall damage to the structure as determined by deflection
information is none - Probability=1

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

Figure 26. Example rules for the combination of early- and
late-time analyses.
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a priori knowiledge in the modules on Functionality and Repairability, as well

as being output at the end. Again, the eventual goal is a combination 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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V. AN EXAMPLE SESSION

Having detailed the background and structure of the computer code DAPS in

Sections I 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 explained using figures taken from the computer

monitor. The several figures presented throughout this section are actual
"Uscreen 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

beginning of a session with DAPS is marked by the appearance on the screen of

the title/author block as shown in Figure 27. Upon 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 come,

and also what information the user must have available in order to use the

code.

The screen following the introduction (Fig. 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

point, it is important to note the text at the bottom of the screen below the

thin line. This text (which appears only when inside EXSYS), is a menu of

possible 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 FUZSET. Once inside FUZSET, an explanatory screen appears

as shown in Figure 30. At this point, the user is given the option of
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Structural damage assessment of
reinforced concrete buried boxes
subjected to impulsive blast loadings.

byiSteve J. Savage

Press any key to start:

Figure 27. Title block screen.

The following program is an Initial attempt at combining linguistic
Information in the form of expert opinion on damage assessement, 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
achelved using expert system techniques in attacking such a problem. The
program makes several calls to external programs which take from a few seconds
up to several minutes, so please be patient with the system.

The first portion of the code deals with the structural integrity analysis
of the structure thru the use of visual information, therefore, the user will
need have observed or intpected the structure, or have visual information in
the form of photographic data available.

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
Internally in the form of data files, but some information must be derived
from the user. Please have the following information available relating to the
material, geometrical, and loading parameters of the structure : beam density,
shear modulus, roof slab clear span length, slab thickness, poisson's ratio,
damping coefficient, concrete compressive strength, steel yield stress,
percentage steel ratio, maximum slab overpressure, load rise time, and load
duration.

Press any key to start:

Figure 28. Introduction to DAPS.
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complete failure of the structure is
I 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)
2

Enter number(s) 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 questions will deal with the
DAMAGE LEVEL of different features obtained thru visual inspection of the
damaged structure. The possible responses to these questions will bet

1.) none
2.) slight
3.) moderate
4.) severe
5.) very extensive
6.) unknown

For each of these linguistic terms, there is stored in a data file a
corresponding fuzzy set representation. These fuzzy sets will be used
in a fuzzy-weighted-average algorithm to determine modes of damage and

associated levels of damage in each mode. If you want to see these fuzzy
set representations (with the choice of changing them if you disagree),
simply answer yes to the following question.

Do you want to see the fuzzy set representations
(y a view/change, n a continue with program) 7 y

Figure 30. Introduction to FUZZSET.
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viewing/chan.ging the fuzzy sets that will represent the linguistic 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 come.

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 linguistic

terms: none, slight, moderate, severe, very extensive, and unknown. An

example showing the screen for "moderate damage" is shown in Figure 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 III. The

introduction to that process is given in Figure 33. The remainder of program

FUZSET is essentially a question and answer session, in which the user

provides the necessary level of d&mage for each of the ten structural

attributes. The standardized question format is shown in Figure 34. Note

that as one of the responses, the user is allowed to view and/or change the

fuzzy relations as outlined in Section IV.

If the viewer chooses 7 (view/change), he/she is greeted with Figure 35,

which explains how the view/change option works. Upon 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 36. 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

different 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: 4,3,2,3,2,3,1,5,1,2).

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 FUZSET is exited, and the

program COMBIN is run in order to analyze the information using the DSW

algorithm. 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

obtained 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 I

NO SLIGHT MODERATE
DAMAGE DAMAGE DAMAGE

PRESS ANY HEY

CoMparative examples of Linguistic
terms describing Levels of DaMage

Screen 2

SEVERE VERY TOTAL
DAMAGE EXTENSIVE FAILURE

DAMAGE

PRESS ANY HEY

Figure 31. Graphical representation of linyuistic terms.

79



E
B
R

H

1 0.

P
8 1 2 3 4 5 6 7 8 9 10

DAMAGE GRADE

The given graph is the l£UZz set
representation of the linguistic
term : MODERATE DAMAGE

Enter c to change the relation, n for
the next clamage level, or e to exit: ? eU

Fi.ure 32. Fuzzy set representation of "Moderate Damage."

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

Press ENTER to continue ?

Figure 33. Introduction to subjective questions.
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The level or amount of spalling and loss of concrete/rebar
interaction on the bottom side of the main slab (central 1/Z

to 1/2 span) 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 parameter and the different modes
of deformation will be added to a data file for later manipul-
ation. You may either choose the appropriate answer to the
question, or you may request to view and/o- change the relation-
ships as outlined above, before making a decision.

CHOICESt
1) negligible
2) slight
3) moderate
4) severe

5) very extensive (concrete core in chunks. etc..)
6) unknown
7) View and/or change fuzzy relations

Please enter the number of your choice : 7 7

Figure 34. Typical format of structural attribute questions.

The current structural parameter ist *palling and loss of concrete/reber
Interaction on the bottom side of the main slab (central 1/3

to 1/2 span)

The fuzzy relation between the given structural parameter and
the different modes of deformation may be different for OaCh
level of damage. Therefore, before viewing/changing any of
these relations, you must choosp a specific level of damage
to have displayed.
The choices again ares I) None

2) Slight
3) Moderate
4) Severe
5) Very extensive

6) Unknown

Which damage level (vs. given structural parameter) would you like to
look at 7 3

Figure 35. Preview of view/change option.
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R N 1,8 N,
EO E 1,
T B
AO E 8 .6
IR R
N S I,4
T H

I 8.0,9
none 1 2 3 4 5 6 7 8 9 total

DEGREE OF ASSOCIATIOW/RELATION DEI GIMEN STRUCTURAL
PARAMETR & SHEAR

GIVEN STRUCTURAL PARAMER: spalling and loss of concrete/rebai
interaction on the Mtto, side of the ,ain sla (central 1/3
to 1/2 span) is: NODIRAIE

Enter n to view next Wode relation or c to change this fuzzy relation
(NOTE: It you change this relation gou will not influence siwilar relations for
other strptutal paraweters, damage modes, and ba~age levels, You only change
the relation hetween the paraiter, dauage level, and dawae wd shown above)?

SMI,

C N 1.8
E E
R H 8.8
I B /

N S 8.4 -

none! 2 3 4 SI 6 7 8 9 total
DE=RE OF ASSOIATIO,/RELTIIN BETKI GIODI STRUCTURAL

PARANETER I FLMlRE
MIUEN STRU I]URAL PAAM : spalling and loss of c ncrete/rebar

interact on on the ttoO side o0 the wain sla (central 1/3
to 1/2 span) is: NODERATE

Enter n to view next wade relation or c to change this fuzy relation
(NOTE: If you change this relation you will nqt influence siilar relations for
other structural paranters, daWage Nodes, and damage levels. You only change
the relation between the paraeter dimge level, and dawagewadme shown above)?

Figure 36. Typical fuzzy set relation of mode versu's
structural attribute.
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You may now vtew/change the other fuzzy damage rejations 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 c = continue) ? c

The level of damage of spalling and loss of concrete/rebar
interaction on the bottom side of the main slab (central 1/3
to 1/2 span) is i

I) None
2) Slight
3) Moderate
4) Severe
5) Very extensive
6) Unknown

Enter the number of your choice: ? 4

Figure 37. Exiting from the view/change option.

the user would like to se% the results of the DSW combination process Just
coapleted, I.e., the calculated (futty set) levels of damage for eact mode ts

I ye - pleae Show them
2 no - continue program execution

Enter number(t) of value(si, WHY for information on the rule,

QUIT to save data entered, (ESC) for edit mode or (H> for helD

Figure 38. Typical format of an EXSYS question.
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II 1.0
E
M 8.8
B
E 8.6
R

HS 8.4
18.2

P
8.0

0 1 2 3 4 5 6 ? 8 9 18
>p DAMAGE GRADE

Categopq = S otrmtual Interty
THIS GRAPH REPRESENTS THE CALMULATED

FUZZY DAMAGE LEUEL OF THE STRUCTURE
INDUCED BY SHEAR RELATED PARAMETERS.

The linguistic term corresponaing to
this fuzz set is most neazlq:SLIGHT DARAqGE

Enter c to continue, or e to exit ? U

E 0.6

p
B.4

DAMAGE GRADE
Cate.or = Strupottral Inte 't

THIS GRAPH REPRESENTS THE C-LCUAVED
FUZZY DA GE LEUEL OF THE STRUCTURE
N0UCED IQ, FLEXCURE RELATED

The linguistic term corresponcling to
this tuzzm set is uost nea'l :
MODERATE DAMAGE

Enter, c to continue, or, e to exit ? U

Figure 39. Results of Program COMBIN as shown by COLORPLT.

84



The completion of COLORPLT signals an end to the subjective information

analysis, and the code returns to EXSYS. Inside EXSYS, the answers obtained

in COMBIN are linguistically interpreted and presented to the user in the form

o4 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 40 and 41

respect: vel y.

The next step in the analysis process is initiated when EXSYS calls the

external program TIN. As discussed in Section IV, the program TIM evaluates

the early-time response of the structure using a Timoshenko beam model. Input

to the program is interactive and includes the material, geometrical, and

loading parameters shown in Figure 42. All input for test DS3 can be found in

Section If. The analysis of the data in program TIM takes approximately 2

min, after which it returns to iXSYS.

The second step in the early-time analysis is accomplished through the

use of program IFPLOT. Figure 43 shows the introduction provided to the user.

After viewing this introduction, the pressure/impulse versus time plots for

the given structure are presented to the user as shoatn i-n Figuris 44 ý.hd 45,

respvctively. In Figure 46, the user is ouestioned as to the silmlarity of

the plots just viewed. As options, the user is allowed to look at example

piots (Figs. 9 and 10i representing case I and case 2, or to return to the

plots to study. them more carefully 4efore answering. As can be seen in

Figures 44 and 45, the best answer ior test 0S3 is 3, i.e., no significant

sisilarity.

Following the early-time analysis, EISYS begins the late-ti.e analysis by

executing progr#% DEFLECT. Tho introduction to this program is given in

figure 47. In Figure 40 the user is presentod with the deflection profile6 of

the damaged structure at 3 as afid 15 ma. After viewing this plot, the user is

asked three questions pertaining to the deflection profile, one of which is

Shown in Figure 49. Although the answers to these questions would at first

sees obvious, in the event a value is bWrdorline between two linguistic

classes, the intuitive opinion of the user is quite useful.

Once DEFLECT is completed, control is returned to EISYS. Since DEFLECT

is the final external program to be executed, the oily task remaining is for

EISYS to analyze the infnrmation obtained from the hard data external

functions. This task, as discussed in Section IV, is accomplished ttrough the

use of several rules. As an example, Figures 50 and 51 show rules 64 and 78
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NUM3ER: 14

(1) 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 (2) shear damage it Slight

THEN:

the damage to the structure associated with shear response as
determined by structural integrity analysis from visual
information is slight - Probability-l

NVJTE The actual analysis procedure stated above is a fuzzy-weighted average
algorithm i Iemented in a FORTRAN computer program. The damage levels oi
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.

IF line 0 f-r derivation, <K)-known data, oit
or - prey. or next rule, (J>-Iuap, <W>''nelp or <ENTER> to continue:

Figure. 40. 11"•'-p•a. - rule explainin4. damage related to
a given m~ode.

PQ11-E M.44EFRt 40
IF:z

II complete failure of the structure I fass* (i.e., the roo# slab hals
not been completely *tparAted from one or both o0 itS supports)

and I2V overall damage o s*ever*

THEN:

the overall level of damage to the structure as determined by
structural integrity analysis from visual into.-ati^ it* seveore -
Pro•abl Ii tyel

NOTEt The actual analysis procedure stated above is a fuzzy-welghted average
algorithm Implemented in a FORTRAN cooDuter program. The damage levels of
the |0 structural Integrity VaJaveteors tuapited by the user are coab)'.eod
by weighting them with soiert knowledge relating s4dos of failure to
these same parameters. The Overall
damage is assumed to be the lariest damage level from each of the 4 ^00es
- shea. fle•ure, diagonal tenlio, tension membrane,

IF line 0 tar derivatlon* (K>-known data, (C>-chOices
or - Drew. or neat rule, f(j>-Juaok (H>-help or (ENTER> to dontinues

Figure 41. Typical rule explaining overall damage.
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I 0a -njw go1019 to eValLuate the earl-- time resoonse of the structcure
Alsinq a modified Timoshenko beam arialysie, Defore I can do this, however,

I wili need the vaiues for the aolt.owi~iig mi•terial geometrical, and loadcIi i

propertiles:

B eamn density
Sihear modulus
Slab length
Slab thickness
Shear deformation coefficient
Poisson ratio
Damping coefficient
Concrete compresssive strength
Steel yield stress
Reinforcing ratio
Maximum slab overpressure
Load rise time
Load duration time

What is the value of the beam density Cib s**2 / in**4]
.000225
Is this value correct (y or n) ?

Figure 42. Introduction to Program TIM.

In a mament you wil be shown a pressure vs. time plot
and an Impulse vs. time plot of a test specified by you.
The Intor4ace pressure and corresponding i-npulse at the
center line. near the support, and over the support will bw

superimpseod on each other. The purpose of this Is to
determine the simila'ity of the response at different
locations, The similarity o4 pressure/impulse at different
location% io helpful in determining the initial response
mode.

After viewing the prvssure vs. time plot and the
impulse vs. time plots you will b* asked a Quentian

pertaining to the above mentioned similarity. You may either
answer the questlon promptly, or view the plots again in
order to study thee more carefully before producing an
answer.

STRIKE A4Y KEY TO CONTINUE

Figure 43. Introduction to Program IFPLOT.

87



3 2 1

P

e TEST #3
S
S

U

e

P 3.N~4

III j~STRIXE N E

I r I I 1 I ,

S1 2 3 4 5 6 7 8 9
TiMe in milliseconds

Figure 44. Interface pressure versus time at three
locations.

6

I STRINE ANY HEY
M
P
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I -- Ove wall

1 2 3 4
Time in Milliseconds

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 and 3.

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

Case 3 - The plots suggest that the similarity of pressure/impulse
is somewhat between conditions I and 2 above (i.e., no
significant similarity exists as stated above).

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

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

Figure 46. IFPLOT question concerning interface pressure
plot similarity.

In a moment, you will be shown the deflection profils 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 toggle back and forth between the
questions and the plot.

Press ENTER to continue?

Figure 47. Introduction to Program DEFLECT.
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ini

TEST # 3

Press enter to view questions? 1

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

At 15 msec, the ratio of differential deflection (near wall deflection
minus centerline deflection) to slab thickness is .28 .
Typically, when evaluating modes of response (especially flexure
and tension membrane), a ratio in the range of:

* < 0.3 is considered relatively flat
* 0.3 - 0.6 is considered moderately curved
= ) 0.6 is considered highly curved

In your opinion, given this information and the deflection profile,
which category do you think the given ratio of .28 belongs i

1.) Relatively flat
2.) Moderately curved
3.) Highly curved

Enter a value of 1-3, or Just ENTER to view plot 7 1

Figure 49. Question 2 in Program DEFLECT.

90



RULE NUMBER% 64
IF:

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

and (2) early time response as determined by a combination of Timoshenko
beam analysis and interface pressure data falls into the vague area
of flexure-shear = 1

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

and (4) 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 by deflection profiles was
predominantly shear (even though early response did not show
overwhelming evidence to this) with some residual flexure -
Probability-i

and CLATE RESPONSE3 IS GIVEN THE VALUE I

IF line 1 for derivation, <K>-known data, (C>-choicos
or - prey. or next rule, <Q>-Jump, <H>-help or <ENTER> to continue:

Figure 50. Typical rule interpreting late-time response.

RULE NUMCR t 70

(1) complete failure of the structure is false (i.e., the rOof slab )hao
not been completely separated #roe one or both of its supoortsl

and (2) WDAJAGE LEV.EL2 ) 1.0

THENt

the overall damage to the structure as dettrminled by deflection
information is very extensive - Probabilityfi

NOTEi the value of the variable COAMAGE LEVEL) Is determined In the ex*trnal
program 0EFLECT.POR and returned via the program RETURN.FOR. The value of
the variable Is computed as the integral of the deflection (over the
length of the slab) at 1S ASeC. divided by lionth tIme" thIckness (to
produce a dilmenionless parameteir).

IF line t for derivation. (K>-known data, (0-choices
or - prey. or nest rule, (J)-Juma, (H>-help or <ENTER) to continuet

Figure Si. Typical rule interpreting overall damage to the
structure as determined by the hard data.
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which describe 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 bottom

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 information was derived.
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Values based on 0/1 system VALUE

I the external program FUZSET.BAS has been run I
- the exte~rnal program COMBIN.FOR has been run

t .he external program PLOT.BAS has been run 1
4 the damage to the structure associated with shear response as

determined by structural integrity analysis from visual
information is slight

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

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

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

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

9 the external program TIM.FOR has been run
10 the external program IFPLOT.AS has been run I

Press any key for more:

'Values based on Oil system VALUE

11 early time regpon** as determlned by a comblnatlio of
Timothonko beoa analysis and interface roessure data falls

into the vogue *Pea Of floleure-thear
12 the external peroqea DEFLECY.SAS has been run
IZ late ties response as deteralond by deflection profiles was

Oredoeinantly sheAr (even though &Orly response oid not thaw
ov•r*h*lmlmn evidence to this) with Some residual fleaure I

14 the overall daimage to the Structure at determined by
deflection Inforsation it very estenfive I

All chailes (At), only If valuo)l (G), Print (P), Change and rerun CC>)
rules use" (line number), Quit/save (0)ý Help (4)P, Done (O)

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

REVIEW -

Structural damage assessment of buried protective structures is a very

complex subject which is imbued with a large amount of uncertainty and

vagueness. This is due to the fact that much of the information used in the

analysis process is derived from expert opinion and uncertain numerical data.

Because of this, a new approach for combining this type of information was

studied. Of particular interest was the feasibility of incorporating both

soft data in the form of expert opinion and hard data produced from

instrumentation waveforms into a structural damage assessment code.

The data base used in this study is derived from a series of experimental

tests conducted in 1981 and 1982 on eleven buried reinforced concrete boxes.

The boues were subjected to extremely high impulsive blast pressures and thus

sustained levels of damage ranging between slight degradation and complete

collapse. Major modes of response observed in the test structures included

direct %hear at the supports, flexure of the main slab, and tension membrane

at both supports and midspan induced by large deflections. Evidence of all

these modes of response were obtained from experimental data comprised of

interface pressure data, strain data, and deflection information obtained from

high- speed photography.

The framework developed in this report is incorporated in a rule-based

expert system approach. In an expert system scheme, difficult problems are

subdivided into smaller problems, which in turn are represented in antecedent-

consvquent pairs as rules. These rules are combined with otheo data and

information to form what is called the knowledge base* The processing and

analysis of this information is controlled through an inference mechanism,

which retrieves necessary information from the user or the knowledge base

using either backward or forward chaining.

In this study, an analysis of structural integrity of the buried box

element was accomplished using the expert system shell EISYS as the control

mechanism to combine subjective and objective information and as a mechanism

to chain through the rule base. Expert opinion on damage assessment 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. Also, because of the size

and complexity of the problem, a numerical method in the form of a fuzzy-

weighted-average algorithm was used instead of rules to synthesize the

subjective information.

Objective data, on the other hand, was obtained through the use of

external programs which "reach out* and "hook* numerical information from

digitized waveforms. This information 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 feasibility of using an

expert system approach in the area of survivability and vulnerability analysis

of buried protective structures. As such, several interesting conclusions may

be drawn from this work.

First, the assessment of damage to protective facilities is a highly

complex problem requiring innovative analysis techniques for three reasons.

One, due to the extreme nature of the short-lived transient loading condition,

many factors affect the dynamic response of the structure. These factors

include loading parameters such as peak pressure and rise time, material

properties like concrete strength and soil type, and geometrical properties

like length-to-oepth ratio, end restraint* and depth of soil overburden.

Because of the interaction of these various parameters, modes of response

which art unique to this problem (direct shear for example) can be induced in

the structure. Two, damage assessment is a fundamentally subjective concept

and thus requires the use of linguistic interpretation and engineering

judgment to analyzs the problem. This adds Lo the complexity of the situation

because both linguistic information and engineering judgment are inherently

difficult to quantify. Three, an overall assessment of the structure cannot

rely on structural integrity analysis alone but must also include the concepts

of functionality and repairability for completeness. Analysis is complicated

further when it is also realized that each of these concepts may be

interrelated.

Second, although the information obtained from expert opinion can be

quite useful, the decomposition of this information is no trivial task.
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Problems encountered include% interpreting linguistic terms; uncertainty in

expert opinion; deciphering different terminology used to describe the same

concept; and subdividing and organizing the information into a meaningful

structure,, Also, if the problem (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 problem was

circumvented through the use of a fuzzy-weighted-average algorithm, rather

than the conventional rule-based format.

Third, although the term 'objective datau was used in this work to

describe numerical information obtained from instrumentation waveforms, it was

found that these data do contain some inherent subjectivity. The subjectivity

arises when we try to use discrete numerical quantities derived from

continuous functions. For example, discrete values of deflection are used in

Section IV to describe various modes of dasage. Deflection of the roof slab

at any given point, however, is a function of both time and position.

Therefore, thi choice of a discrete deflection value is a subjective decision.

The approach used in this report was to use engineering judgment to classify

the various numerical Quantities into different 1in ultic levels, then

proceed with the analysis using these linguistic values.

Fourth, a careful analysis of the problem and a review of the literature

reveals that typical analytical methods (deflection ratios, dissipated

hysteretic energy, etc.) employed in describing levels of damage, have limited

use in the case under study. Calculation of different damage measures

revealed that, at the present time, not enough is known about late-time

effects on structural response produced by changes in loading, matertal. and

geometrical parameters. For example, a simple damage measure using energy and

impulse was calculated at two points along the roof span. Although the

measure predicted damage well within a group containitg similar geometrical

and mOterial parameters, it was not able to predict damage whon these

parameters were changed. Therefore, without an understanding of parameter

efiects on response, developing a good measure of structural damage is

difficult.

Fifth, the theory of fuzzy sets ran be quite effective in interpreting

linguistic information that is either vague, imprecise, or uncertain. The

assignment of fuzzy sets to linguistic terms and the combination of these

quantities is a straightforward procedure. the major difficulty in
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confronting this situation is that of providing linguistic terms for

calculated fuzzy sets. Equation 6 was used in this study to provide a

relptive measure of similarity between sets. In the event that a calculated

fuzzy set falls between two predefined fuzzy sets, the equation simply assigns

the linguistic term corresponding to the more similar of the two. In

practice, however, a better approach would be to assign a linguistic term

which is a compromise of the two. Thus, although Equation 6 is adequate for

demonstration purposes, other techniques could be developed which would better

interpret results obtained from fuzzy operations.

Sixth, although quite useful for some parts of a problem, a rule-based

format is not feasible in certain cases where the interrelationship of a large

number of variables makes the problem too complex. Such a problem was

described in Section IV concerning the experts' opinion. However, the use of

expert system techniques allows the integration of such situations into the

problem. In this case, the problem was circumvented through the use of an

external program which manipulated and combined the data. Similarly, other

types of strategies can be employed in the solution of a problem. Besides

those discussed in this report, other tools such as fiiite element codes or

pattern recognition techniques (Refs. 8,9) could also be used.

RECONNENDATIONS

Based on the information learned from this study, the fallowing

recommendations are presented for possible future work.

1. Because of time cDnstraints, it was not possible to test the code on

structures other than those in the VES dynamic test series. Therefore, the

code should be tested against another test series in order to determine its

strengths and weaknesses.

2. As was shown in Figure I?, the work undertaken in this report

comprises only the structural integrity module. in Order to complete the

code, modules on functionality and rev.,rability should also be developed.

3. The only objective data used in this study included interface

pressures and deflection profiles. As discussed in Section III, other

objective data are available and should be studied for possible inclusion into

the hard data section in order to make it more complete. The possibility o4

using pattern recognition procedures on the data should be etplored.
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4. The expert matrix CEI described in Section IV was developed using the

authors' opinions as its basis. A final version of the matrix, however,

should be composed of the opinions of several experts. The information used

to fill this matrix was collected through the use of a second questionnaire

sent to seven experts, but time constraints did not permit its inclusion in

this report. Therefore, analysis of the information and integration into the

code should be accomplished.

5. A detailed parametric study should be conducted to determine the

effects of di-ferent parameters (load intensity, concrete strength, length-to-

depth ratio, and rein4orcing 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 complement the existing early-

time analysis, a study of suitable damage level measures can be vndertaken.

6. Nore work needs to be done in the area of similarity and difference

measures. Specifically, better techniques are needed for converting

calculated fuzzy sets into meaningful linguistic lnterpretations.
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APPENDIX A

PHOTOGRAPHS OF DAMAGED STRUCTURES
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Figure A-7. Posttest photograph of Test Element DS2-1.
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Figure A-8. Posttest photograph of Test Element DS2-2-
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Figure A-9. Posttest photograph of T~est Element DS2-2
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Figure A-.1. Poattest photograph of Test Element DS2-3.
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.Figure A-il. Posttest photograph of Test Element DS2-4.
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Figure A-12. Posttest photograph of Test Element DS2-5.
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Figure A-13. Posttest photograph of Test Element DS2-6.
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APPENDIX B

EXPLANATION OF EXSYS FEATURES

EXSYS is a generalized expert system development package. The package

runs on IBM PC or compatible-type computers with 256K RAM or greater. EXSYS

can create about 700 rules, with an average of 6 or 7 cunditions, per 64K of

memory over 192K. This is roughly 5000 rul!s in a PC with 640K RAM. Some of

the more important features of EXSYS are detailed here.

EDITOR

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

EDITXS. This editor enables you to easily edit rules along with providing a

simple 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 system

shells very appealing to both novices and experienced computer programmers.

The format of a rule entered into EXSYS is as follows:

IF:

Conditions

THEN:

Conditions

and Choices

ELSE:

Conditions

and Choices

NOTE: ---------------------------

REFERENCES: ----------------------

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

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

seniL-" that may be true or false. The condition is made up of two parts, a
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Qualifier and one or more Values. The Qualifier is usually the part of the

condition up to and including the verb. The Values are the possible

completions of the sentence started by the Qualifier.

"uChoicesm - 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

choice 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 Qualifier and Choice decisions.

0 or I system - this system should be used when the choice or qualifier is

perfectly true or perfectly false. There is no ranking of acceptable choices

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

0 - 10 system - this is the most generally useful system, especially if

probabilistic rules are used (e.g., if a condition is true, there is an 80%

likelihood that choice X is appropriate). Values of 0 and 10 allow you to

completely eliminate (0) or definitely 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. If the rule

base is such that precise statistical data are available, then use this

system.

"1ATHEMATICAL EXPRESSIONS ANO VARIABLES

While many expert systems 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 flag text for display at the end of a run.

Mathematical expressions containing variables can be used to derive

information in the IF and THEN portions of the rule just like any other

qualifier. Variables may be either string or numeric. Mathematical

116



expressions involving numeric variables can be combined using the basic

algebraic operations (+,-,/,t), 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 qualifiers or numeric variables is

quite simple. Each qualifier or variable has an explanatory test associated

with it. In 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. Therefore, 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 ei-ther forward or backward

chaining or combinations of both. The choice of inferencing 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:

1. The computer may display the rule or rules that allowed it to derive

the information. A rule used for derivation will have information about the

condition the user is 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 number of the variable.

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

3. The computer may respond that it does not yet know if the condition

is true.

4. I.f the information came from an external program, EXSYS will give the

program name from which it came.

The features 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.O. Box 75158, Contr. Sta. 14, Albuquerque, NM 87194, (505) 836-6676.
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APPENDIX C

RULES

Subject: Structural damage assessment of reinforced concr.ete 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

program makes several calls to external programs which take from a few seconds

up to several minutes, so please be patient with the system.

The first portion of the code deals with the structural integrity

analysis of the structure through the use of visual information; therefore,

the user will need to have observed or inspected the structure or have visual

information in the form of photographic data available.

The second portion of the code deals with structural integrity analysis

of the structure via numerical data. Most of the hard data have been stored

internally in the form of data files, but some information must oe derived

from the user. Please have the following information available relating to

the material, geometrical, and loading parameters of the structure : beam

density, shear modulus, roof slab clear span length, slab thickness, Poisson's

ratio, damping coefficient, concrete comDressive strength, steel yield stress,

percentage steel ratio, maximum slab overpressure, load rise time, and load

duration.

Ending text:

The information to follow is the output from the program DAPS. At the

present time, the only information to be output is the damage level to the

structure and most 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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RULES:

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:
CFAILURE MODES] IS GIVEN THE VALUE "NOT KNOWN"

RULE NUMBER: 2

IF:
complete 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

failure)
and the failure surface(s) at both supports are relatively "clean" with a

single surface failure
and the inclination of the failure surface(s) at both sides are relatively

vertical
and inspection of the failure region indicates the main reinforcing bars

have been mostly severed or sheared off

THEN:
damage level as determined by structural integrity analysis fron visual
information is total failure - Probabilityal

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

and (FAILURE MODES] IS GIVEN THE VALUE "KNOWN"

RULE NUMBER: 3

IF:
complete 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

failure)
and the failure surface(s) at both supports are relatively "clean" with a

single surface failure
and the Inclination of the failure surface(s) at both sides are relatively

inclined or unclear
and Inspection of the failure region indicates the main reinforcing bars

exhibited rupture after significant deformation (note *necking" or
stretching)
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THEN:
damage level as determined by structural integrity analysis from visual
information is total failure - Probabili.ty=l

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

Probability=l
and (FAILURE MODES] IS GIVEN THE VALUE "KNOWN"

RULE NUMBER: 4

IF:
complete 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

failure)
and the failure surface(s) at both supports are relatively rough with many

cracks and "concrete teethm
and the inclination of the failure surface(s) at both sides are relatively

inclined or unclear
and inspection of the failure region indicates concrete crushed in the

compression zone with possibly ripped out or protruding rebar

THENt
damage level as determined by structural integrity analysis from visual
information is total ýailure - Probabilityal

and the mode(s) involved in the deformation process as determined by visual
(subjective) information was predominantly shear-compression -

Probabilityal
and (FAILURE "ODES] IS GIVEN THE 9ALUE "KNOWN"

RULE NUMBER: 5

IFi
complete 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

failure)
and the failure surface(s) at both supports art relatively rough with many

cracks and "concrete teeth'
and inspection of the failure region indicates the main reinforcing bars

exhibited rupture after significant deformation (note *necking* or
stretching)

THEN:
damage level as determined by structural integrity analysis from visual
i formation is total failure - Probabilityal

and the mode(s) involved in the deformation process as determined by visual
(subjective) information were predominantly 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=1

and [FAILURE MODES] IS GIVEN THE VALUE "KNOWN"

RULE NUMBER: 6

IF:
complete 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

failure)
and the failure surface(s) at both supports are relatively rough with many

cracks and "concrete teeth*
and inspection of the failure region indicates concrete crushed in the

compression zone with possibly ripped out or protruding rebar
and the inclination of the failure surface(s) at NOT both sides are

relatively inclined or unclear

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 crushing of concrete after significant rotation. It is possible
that the failure region was overreinforced or the concrete was weak in
strength - Probabilityul

and (FAILURE MODES) IS GIVEN THE VALUE "KNOWN4

RULE NUMBERt 7

IF:
complete 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 well in the slab
and the separated slab is lying flat on the floor (implying a symaetfic

failure)
and the failure surface(s) at both supports are relatively "clean* with a

single surface failure
and the inclination of the failure surface(s) at both sides are relatively

inclined or unclear
and inspection of the failure region indicates the main reinforcing bars

exhibited rupture after significant deformation (note *necking* or
stretching)

THEN:
damage level as determined by structural integrity analysis from visual
information is total failure - Probabilityal
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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 failure surfaces are vertical -

Probability=l
and CFAILURE MODES] IS GIVEN THE VALUE "KNOWN"

RULE NUItBER: 8

IF:
complete 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 leaning on/towards one side of the structure

(implying in unsymmetrical failure)
and the failure surface(s) at one support is defined by a single surface

failure 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 from visual
information is total failure - Probabilityal

and the mode(s) involved in the deformation process as determined by visual
(subjective) information was predominantly direct shear, follo-oed by
concrete crushing and rebar pullout of the other side (possibly due to
extremely high loading and/or weak concrete) - Probabilityal

and EFAILURE MODES) IS GIVEN THE VALUE 'KNOWNN

RULE NUMBER: 9

IF:
CFAILURE MOOES) e "NOT KNOWN"

and complete failure of the structure is true (i.e., the roof Slab has been
completely separated from one or both of its supportst

THENt
damage level as determined by structural integrity analysis from visual
information is total failure - Probabilityal

and the node(s) involved in the deformation process as determined by visual
(subjective) information is unknown due to insufficient or inaduOuate
data - Probabilityal

NOTE:
The information provided from the visual data was either inadequate or
inconsistent with information contained in previous rules to determine a
mode(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 from one or both of its supports)

THEN:
RUN(C:\DAPS\MAIN\FUZSET)

and the external program FUZSET.BAS has been run - Probability=l

NOTE:
The THEN portion of this rule simply calls an external program which asks
questions of the user pertaining to the structural integrity of the
structure, as ascertained from visual information.

RULE NUMBER: 11

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)

THEN:
RUN(C:\DAPS\HMAIN\COMBIN)

and the external program CONGIN.FOR has been run - Probabilityvl

NOTE:
The external program COMBIN.FOR uses futzy logic in the form of the DSW
(Dong, Shah, Wong) algorithm tofcombine the linguistic information
obtained from the user, with expert opinion relating this information to
various modes of failure. The output is a group of 4 fuzzy sets relating
the level of dasage associated with a given mode.

RULE NUMBER: 12

IF:
complete failure of the structure is false 4i.e., the rooi slab h~s not
been completely separated fro* one or both of its supports)

and the user would like to see the results of the DSW combination process
just completed, i.e., the calculated (fuzzy set) levels of damage for
each mode is : yes - please show them

THEN:
run(C:\DAPS\MAIN\COLORPLT)

and the external program PLOT.BAS has been run - Probability=i

NOTE:
Program COLORPLT.BAS takes the results of the DSW Combination process
obtained from the program COMBIN.FOA and simply plots the resulting fuzzy
sets (damage level of a given mode).
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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 fro* one or both of its supports)

and shear damage is none

THEN:
the damage to the structure associated with a shear 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.

RULE NUMBER: 14

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

and shear damage is slight

THENt
the damage to the structure Associated with shear response as detersin@o
by structural Integrity analysis from visual informatson is slight -
Probabilityal

NOTE%
The actual analysis procedure stated above is a iuzzy-weignted averaqe
algorithm imaIlement~d in a FOPTRAN computer program. The damage levels
of the 10 structural integrity parameters supplied by the user are
combtne-d by weiQhtinq them with expert knOwledge relating modes of
failure to these same parameters.

RULE NUMBER: 15

IF:
complete failure of the structure is false (i.e., the roof slab has not
been Completely separated fro& one or both of its supoorts)

and shear damaQe is moderate
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THEN:
the damage to the structure associated with shear response as determined
by structural integrity analysis from visual information is moderate -
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.

RULE NUNBER: 16

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 shear damage is severe

THEN:
the damage to the structure associated with shear response as oetermined
by structural integrity analysis from visual information is severe -
Probabilltyal

NOTE:
The actual analysis procedure stated above is a luizy-weighted average
algorithm implemented in a FORTRAN computer progras. The damage levels
of the 10 structural intvgrity parameters supplied by the user are
combined by weighting them with etpirt knowledge relating *odes of
failure to these same parameters.

RULE NUNBERt 17

complete failure of the structure is false ii.e., the roof slab has not
been coopletely separated from one or both o4 its support%)

and shear damage is very extensive

THEN:
the damage to the structure associated with shear respOnse aS determined
by structural integrity analysis from visual information is very
eotensive - Probabilityal

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 kno..lodge relating modes oi
failure to these same parameters.
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RULE NUMBER: 18

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

and shear damage is unknown

THEN:
the damage to the structure associated with shear response as determined
by structural integrity analysis from visual information is unknown -

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.

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 diagonai tension damage is none

THEN:
the damage to the •tructure associated with diagonal tension 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.

RULE NUMBER: 20

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 slight
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THEN:
the damage to the structure associated with diagonal tension response as
determined by structural integrity analysis from visual information 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
*combi.ied by. weighting them with expsrt Lnowledge relating modes of
failure to these same parameters.

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 - Probability=1

NOTE:
The actual analysis procedure stated above is a fuzzy-weightea 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.

RULE NUMBER: 22

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

and diagonil tension damage is severe

THEN:
the damage to the structure associated wi..h diagonal tension response as
determined by structural integrity analysis from visual information is
severe - 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 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: 23

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 very extensive

THEN:
the damage to the structure associated with diagonal tension response as
determined by structural integrity analysis from visual information 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
combined 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 supports)

and diagonal tension damage is unknown

THEN:
the damage to the structure associated with diagonal tension response as
determined by structural integrity analysis from visulal 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 integrity parameters supplied by the user are
combined by weighting them with expert knowledge relating modes of
failure to these sama parameters.

RULE NUMBER: 25

IFt
complete failure o+ the structure is false (i.e., the roof slab hai not
been 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=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 supplied by the user are
combined by weighting them w~ith expert knowledge relating modes of
failure to these same parameters.

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=1

NOTE:
The actual analysis procedure stated above is a fuzzy-weighted average
algorithm implemented in a FORTRAN cOmputsr 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 oarameters.

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 flexure damage is moderate

THEN:
the damage to the structurio associated with a Ilexure response as
determined by structural integrity analysis from visual information is
moderate - 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 miodes of
f3ilure to these same parameters.
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RULE NUMBER: 2B

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 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.

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 - Probabilityal

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.

RULE NUMBER: 30

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 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 integrity parameters supplied by the user are
combined by weighting them with expert knowledge relating modes of
failure to these same parameters.

RULE NUMBER: 31

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 tension
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) - Probabilityzl

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.

RULE NUMBER: 32

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 tension membrane damage is slight

THEN:
the damage to the structure associated with tensile membrane response as
determined by structural integrity analysis from visual information is
slight - Probabilityal

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 o4
failure to these same parameters.
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RULE NUMBER: 33

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 tension membrane damage is moderate

THEN:
the damage to the structure associated with tensile rinbrane response as
determined by structural integrity analysis from visual information is
moderate - 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 knowledgi relat.ng modes of
failure to these same parameters.

RULE NUMBER: 34

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

and tension membrane damage is severe

THEN:
the damage to the structure associated with tensile membrane response as
determined by structural integrity inalysis from visual information is
severe - Probabilitycl

NOTE:
The actual analysis procedure stated above is a 4uzzy-weighted average
algorithm implemented in a FURTRAN computer program. The damage levels
of the 10 structural integrity parameters supplied by the user are
combined by weighting them ilth expert knowledge relating modes of -

failure to these same paraoeters.

RULE NUMBER: 35

IF:
complete failLre of the structure it filse (i.e., the roof slab has not
been complete ly separated froma otte or both of its supportsi

and tension mukbrane damage 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=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 supplied by the user are
combined by weighting them with expert knowledge relating modes of
failure to these same parameters.

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 of its supports)

and tension membrane damage is unknown

THEN:
the damage to the structure associated with tensile membrane response as
determined by structural integrity analysis from visual Information is
unknown - Probabilityal

NOTE:
The actual analysis procedure stated above is a fuzzy-weight?d 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.

RULE NUMBER: 37

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

and overall damage is none

THEN:
the overall level of damage to the structure as determined by structural
integrity analysis from visual information is none (i.e., no appreciable
damage) - Probabilityal

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 structutal integrity parameters supplied by the user are
combined by weighting them with expert knowledge relating sooes of
failure to these same parameters. The overall damage is assumed to be
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the largest damage level from each of the 4 modes - shear, flexu:re,
diagonal tension, tension membrane.

RULE NUMBER: 38

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 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=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.

The overall damage is assumed to be the largest damage level from each
of the 4 modes - shear, flexure, diagonal tension, tension membrane.

RULE NUIIBERt 39

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

and overall damage is moderate

THENi
the overall level of damage to the structure as determinea by structural
integrity analysis from visual information is moderate - Probabilityzl

NOTE:
The overall damage is assumed to be the largest damage level from each of
the 4 modes - shear, flexure, diagonal tension, and tension membrane.
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 sate parameters.

RULE NUMBERi 40

IF:

complete failure of the structure is false (i.e., the roof slab has not
been completely sieparated fro& one or both of its supports)
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and overall damage is severe

THEN;
the overall level of damage to the structure as determined by structural
integrity analysis from visual information is severe - Probability=!

NOTE:
The actual analysis procedure stated above is a fuzzy-weighted average
algorithm implemented in a FORTRAN computer program. The damh.a 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.

The overall damage is assumed to be the largest damage level from each
sfthe 4 modes - shear, flexure, diagonal tension, tension membrane.

RULE NUM¶BER: 41

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

and overall damage is very extensive

THEN:
the overall level of damage to the structure as determined by structural
integrity analysis from visual information is very extensive -
ProbabiIlityal

NOTEi
The actual analysis procedure stated above is a f4uzzy-weighted overage
algorithm implemented in a FORTRAN computer program. The damage levels
of the 10 structural integrity parameters uupplied by the user art
combined by weighting them with expert knowledge relating modes of
failure to these same parameteors.

The overall damage is assumed to be the largest damage level from each
of the 4 modes - shpar, flexure, diagonal tension, tension membrane,

RULE NUMiBERs 42

IiF
complete failure of the structure is false (ietha roof slab has not
been completely separated from one or both of its supportsi

and overall damage is unknown

THEN:
the overall level of damage to the structure as determined by structural
integrity analysis fro& visual information is unknowh~ - Probability-1

NOTE1
The actual analysis procedure stated above is a fuizy-wpighted average
algorithm implemented in a.FORTRAN computer program. The datage lovelt.
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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.

The overall damage is assumed to be the largest damage level from each
of the 4 modes - shear, flexure, diagonal tension, tension membrane.

RULE NUMBER: 43

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)

TH4EN:
RUNN(C:\DAPS\MAIN\TIM)

and the external program TIM.FOR has been run - Probability=l

NOTE:
Program TIM.FOR is used to calculate the early time response of the
structure (i.e., at less than 2 ms) oy using a modified Timoshenko beam
analysis. Although the prngram is highly complex, the output is simple;
early time response is categorizeo as either shear or flexure depending
on which value reaches its critical failure level 4irst.

RULE NUMBER: 44

IF:
complete failure of the structure is false (iok., the roof slab has not
been completely separate4 from one or both of its supports)

THEN:
RUN(Ct\DAPS\KAIN\IFPLOT)

and the external program IFPLOT.BAS has been run - Probabilityal

NOTE:
Program IFPLOT.BAS is used to help determine the early time response oi
the structure li.e., at less than 2 as) by making a similarity comparison
of pressure versus time plots at three locations of the roof slab. The
three locations are near the wall, at the slab centerline, and over the
wall. Similarity of different combinations of interface pressures at the
roof/soil interface help determine modes of response.

R~ULE NUNDERt 45

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 modified Timoshenko beam analysis is
shear
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and early time response as determined by similarity analysis of interface
pressure plots is shear

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

Probability=l

RULE NUMBER: 46

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 early time response as determined by modified Timoshenko beam analysis is
flexure

and early time response as determined by similarity analysis of interface
pressure plots is flexure

THEN:
early time response as determined by a combination of Timosnenko oeam
analysis and interface pressure data is predominantly flexure -
Probabilityml

RULE NUMBER: 47

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

and early time response as determined by modified Tiaoshenko beaD analysis is
shear

and early time response as determined by similarity analysis of interface
pressure plots is flexure or itexure-shear

THEN:
early time response as Oetermined by a combination of Timoshenko beam
analysis and interface pressure data falls into the vague area of
flexure-shear - Probabilityal

RULE NUMBER: 48

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

and early time response as determined by modified Timoshenko beam analysia '-t
flexure

and early time response as determined by similarity analysis of interface
pressure plots is flezure-shear
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THEN:
early time response as determined by a combination of Timoshenko beam
analysis and interface pressure data falls into the vague area of
flexure-shear - Probability=l

RULE NUMBER: 49

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)

THEN:
RUN(Cz\DAPS\MAIN\DEFLECT)

and the external program DEFLECT.BAS has been run - Probabilityal

NOTE:
Program OEFLECT.BAS shows the user the roof slab deflection profiles at 3
and 15 as, and asks three questions of the user that are used in
successive rules to help determine late time modes of response.

RULE NUMBERt 50

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

and early time response as determined by a coobination of Timoshenko beam
analysis and interface pressure data is predominantly shear 2 1

and the near wall deflection as determined by the *sternal program
DEFLECT.BAS is very small or small

and the ratio of differential deflection (near "all deflection sinus
centerline deflection) to slab thickness implies a relatively flat
surface

THEN
late time response as determined by deflection profiles was Predominantly
shear - Probability"l

and (LATE RESPONSE) IS GIVEN THE VALUE I

RULE NUMBER: 51

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
analysts and interface pressure data is predominantly shear t I

and the near mall deflection as determined by the external program
DEFLECT.BAS is very small or small
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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 deilection profiles was initially
shear, becoming substantial flexure as time progressed - Probability=l

and [LATE RESPONSE] IS GIVEN THE VALUE I

RULE NUMBER: 52

IF:
complete failure of the structure is false (i.e., thQ 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 shear = I

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

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

THEN%
late time responie as determined by deflection pr-4lles was initially
shear, but residual strength forced it into a tension membrane mode,
possibly due to weak concrete - Probabilityal

and (LATE RESPONSE] IS GIVEN TNE VALUE I

RULE NUMKERt 53

IFt
cosplete 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 iiaOshenko beam
analysis amd interface pressure data Is predominantly shear c I

and the near wall deflection as determined by the eaternal program
DEFLECT.BAS is moderate

and the ratio of differential deflection (near wall deflection minus
centerline deflection) to slab thickness implies a relatively 4Lat
surface

THEN:
late time response as determined by deflection profiles %as predominantly
shear - Probabilityel

and (LATE RESPONSE] IS GIVEN THE VALUE I
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RULE NUMBER: 54

IF:
complete failure of the structure is 4alse (i.e., the roof slab has not
been completely separated from one or both of its supports)

and early time response as detarmined by a combination of Timoshenko beam
analysis and interface pressure data is predominantly shear = 1

and the near wall deflection as determined by the external program
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:
late time response as determined by deflection profiles was a combination
of shear and flexure - Probability=l

and [LATE RESPONSE] IS GIVEN THE VALUE I

RULE NUMBER: 55

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
analysis and interface pressure data is predominantly shear = 1

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

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

THEN:
late time response as determined by deflection profiles was substantial
shear, followed by membrane response throughout - Probability=1

and [LATE RESPONSE] IS GIVEN THE VALUE I

RULE NUMBER: 56

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
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 mall deflection minus
centerline deflection) to slab thickness implies a relatively flat
surface
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THEN:
late time response as determined by deflection profiles was almost
exclusively shear - Probability=l

and [LATE RESPONSE] IS GIVEN THE VALUE I

RULE NUMBER: 57

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
analysis and interface pressure data is predominantly shear = I

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 deflection minus
centerlino 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] IS GIVEN THE VALUE I

RULE NUMBER: 58

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 rfsponse as determined by a combination of Tixoshenko beam
analysis and Interface pressure data is predominantly shear a I

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

and the ratio of differential deflection (near wal) deflection minus
centerline deflection) to slab thickness Implios a highly curved surface

THEN:
late time response as determined by deflection profiles *a% a combination
of shear and tension memurane response (possibly due to weak concrete
imix) - Probabllity=l

"and [LATE RESPONSE's IS GIVEN THE VALUE I
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RULE NUMBER: 59

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
analysis and interface pressure data is predominantly flexure = I

and the near wall deflection as determined by the external program
DEFLECTBAS 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 - Probabiiity=l

and [LATE RESPONSE] IS GIVEN THE VALUE 1

RULE NUMBER: 60

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
analysis and interface pressure data is predominantly flexure 1 I

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

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

THEN:
late time response as determined by deflection profiles is unknown
because of inconsistent information and/or non-intuitive combination of
anteredents - Probabilityal

and ELATE RESPONSE) IS GIVEN THE VALUE I

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

RU4E NUMBER: 61

* IFt
complete failure of the structure is false (i.e., the roof slab has not
been completely separated froe one or bot:. of Its supOOrts)

and early time reoponse as determined by a combination of Timoshenko beam
analysis and interface pressure data falls into the vague area of
flexure-shear I

and the n*dr wall deflection as determined by the external program
DEFLEMTBAS is very small or small

and the ratio of differential deflection (near uali deflection minus
centerline deflection) to slab thbickneSs implies a relatively flat
surface
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THEN:
late time response as determined by defiection profiles was a combination
of shear and flexure - Probahility=1

and ELATE RESPONSE] IS GIVEN THE VALUE I

RULE NUMBER: 62

IF:
complete failure of thq 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 falls into the vague area of
flexure-shear = I

and the near wall deflection as determined by the external program
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 -
Probabilityzl

and ELATE RESPONSE] IS GIVEN THE VALUE I

RULE NUMBER; 63

IFi
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 program
DEFLECT.BAS is small

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

THEN:
late time response as determitied by deflection profiles was predominantly
tension membrane - Probabilityai

and ELATE RESPONSE] IS GIVEN THE VALdE I

RULE NUMBERi: 64

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

and the near wall deflection as determined by the e~ternal program
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:
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 - Probability=l

and [LATE RESPONSE] IS GIVEN THE VALUE 1

RULE NUMBER: 65

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
analysis and interface pressure data falls into the vague area of
flexure-shear = I

and the near wall deflection as determined by the external program
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:
:ate response as determined 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=1

and ELATE RESPONSE] IS GIVEN THE VALUE 1

RULE NUMBER: 66

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
analysis and interface pressure data falls into the vague area of
flexure-shear m I

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

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

Probability=1
and [LATE RESPONSE] IS GIVEN THE VALUE I

RULE NUMBER: 67

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
analysis and interface pressure data is predominantly flexure = I

and the near wall deflection as determined by the external program
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 a thickness from wall is small

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

and late time response as determined by deflection profiles was predominantly
flexure - Probability=O

and (LATE RESPONSE] IS GIVEN THE VALUE I

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

RULE NUMBER: 68

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
analysis and interface pressure data falls into the vague area of
flexure-shear - I

and the near wall deflection as determined by the external program
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 a thickness from wall is small

146



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

and late time response as determined by deflection profiles was predominantly
flexure - Probability=O

and [LATE RESPONSE] IS GIVEN THE VALUE I

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

RULE NUMBER: 69

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
analysis and interface pressure data falls into the vague area of
flexure-shear = I

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

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

and the difference between differential deflection ratios 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 flexure - Probabilityal

and late time response as determined by deflection profile% was predominantly
flexure - Probability=O

and (LATE RESPONSE) IS GIVEN THE VALUE I

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

RULE NUMBER: 70

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 verly time response as determined by a combination of Timoshenko beam
analysis and interface pressure data is predominantly flexure a I

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

and the ratio of differential deflection (near wall deflection minus
centerline deflection) to slab thickness implies a moderately curved
surface
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and the difference between differential deflection ratios 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 flexure - Probability=l

and late time response as determined by deflection profiles was predominantly
flexure - Probability=O

and [LATE RESPONSE] IS GIVEN THE VALUE I

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

RULE NUMBER: 71

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 (LATE RESPONSE] a 0
and ,ariy time response as determined by a combination of Timoshenko beam

analysis and interface pressure data is predominantly shear = 1

THEN$
late time response as determined by deflection profiles is unknown
because of inconsistent information and/or non-intuitive combination of
antecedents - Probabilityal

NOTE:
The most likely late time response was probably shear based on early time
response.

RULE NUMBER: 72

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 (LATE RESPONSE) s 0
and early time response as determined by a combination of Timoshenko beam

analysis and interface pressure data is predominantly flexure t I

THEN:
late time response as determined by deflection profiles is unknown
because of inconsistent inforsation andior non-intuitive combination of
antecedents - Probabilityal

NOTE:
The most likely late time response was probably flexure baseo on
information from early time response.
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RULLE NUMBER: 73

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 [LATE RESPONSE] = 0
and early time response as determined by a combination of Timpshenko beam

analysis and interface pressure data falls into the vague area of
flexure-shear 1 I

THEN:
late time response as determined by deflection profiles is unknown
because of inconsistent information and/or non-intuitive combination of
antecedents - Probability=l

NOTE:
A best guess of late time response would be a combination of flexure and
shear based on early time response.

RULE NUMBER: 74

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 CDAIAGE LEVEL] ( 0.2

THEN:
the overall damage to the structure as determined by deflection
information is none - Probabilityal

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

RULE NUMBER: 75

IFt
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 (DAMAGE LEVEL] ) 0.20
and [DAMAGE LEVEL] ( 0.40

THEN:
the overall damage to the structure as determined by deflection
information is slight - Probability=l
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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.

RULE NUMBER: 76

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 [DAMAGE LEVEL] ) 0.40
and (DAMAGE LEVEL] < 0.70

THEN:
the overall damage to the structure as determined by deflection
information is moderate - Probability-l

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

RULE NUMBER: 77

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 (DAMAGE LEVEL] ) 0.7
and (DAMAGE LEVEL] ( 1.0

THEN:
the overall damage to the structure as determined by deflection
information is severe - Probabilityal

NOTEi
The value of the variable (DAMAGE LEVEL] is determined in the external
program DEFLECT.FOR and returned via the program RETURN.FOR.

RULE NUMBER: 78

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)

lnd (DAMAGE LEVEL) ) 1.0

THEN:
the overall damage to the structure as determined by deflection
information is very extensive - Probabilitye!
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NOTE:
The value of the variable (DAMAGE LEVEL) i.s 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 of the slab) at 15 ms divided by length times thickness (to
produce a dimensionless parameter).
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LIST OF SYMBOLS

A, - ith structural attribute
B1  = fuzzy set representation of no damage
B2 = fuzzy set representation of slight damage
B3  W fuzzy set representation of moderate damage
B4 W fuzzy set representation of severe damage
B5 = fuzzy set representation of very extensive damage
B6 = fuzzy set representation of unknown damage
Be fuzzy set representation of calculated damage level
BP blast pressure gage
DOB depth of burial
d depth of concrete to principal tensile reinforcement
d' depth of concrete to principal compressive

reinforcement
Eij element of expert matrix (E]
EO strain gage
tof compressive concrete strength
fu ultimate steel strength
f y steel yield strength

G shear modulus
IF interface pressure gage
L roof slab clear span length
P *P interface pressure
R rotational end restraint of slab
rij Ul1nguistic rating factor
S horizontal distance between shear reinforcemsn.
SE soil strain gage
a distance between shear reinforcement
t slab thickness or time
Uj  element of user matrix [U]
wj linguistic weighting or importance factor
.x, ith element of a set
a* -value of ith membership level
S -deflection of roof slab

(X) - membership value of element x
Sa Poisson's ratio
p a percentage of principal tensile reinforcement
Ps percentage of principal compressive reinforcement

P0 = percentage of principal shear reinforcement
" internal angle of friction

o strength enamnceent factor
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