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ABSTRACT

DASE, a rule-based prototype expert system, was developed as an assistant to any
engineer engaged in the task of assessing postearthquake damage to structural concrete
elements, such as columns and beams.

In the assessment of damage of structural concrete elements much of the decision
making relies on the engineering judgement of the person in charge of the inspection and
evaluation. This expert system provides a methodology for guidance in inspection as well
as a criteria for evaluation and courses of action to take afterwards. The system also
provides graphic files to customize the user interface and an explanation facility for the
conclusions reached, so that the user learns or confirms what he already knows.

This prototype is not intended as a panacea to solve every case of damage in
structural elements, and the user remains the controlling decision maker.

DASE is a first version, and was developed in the expert system shell ExSys
Professional for windowed environments.

As all prototypes, it has limitations as to the quantity and quality of information
used, but can be easily improved and expanded, as the knowledge of damage assessment

for structural concrete elements develops.

v

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OF CONTENTS

Page

ACKNOWLEDGEMENTS iii

ABSTRACT iv

TABLE OF CONTENTS \%

LIST OF TABLES X

LIST OF FIGURES xii
Chapter

1. INTRODUCTION 1

1.1 Purpose and Scope of the Thesis 2

1.2 Content and Organization of the Thesis 3

2. EXPERT SYSTEMS OVERVIEW 4

2.1 Definition of Expert System and characteristics 4

2.2 Expert System Architecture | 5

2.3 Problem domain requirements for ES implementation 7

2.4 Development of Expert Systems 8

2.4.1 Representation of Knowledge 11

2.4.1.1 Rule-based representation of knowledge 12

2.4.2 Implementation strategies 14

2.4.3 Expert System tools 17

2.4.4 Problem areas addressed by Expert Systems 18

2.4.5 Types of Expert Systems 19

2.5 Expert System for Civil Engineering 21

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



vi
Page
3. DAMAGE ASSESSMENT AND REHABILITATION TECHNIQUES

OVERVIEW 24
3.1 Damage assessment literature and methodologies 24
3.2 Rehabilitation techniques for damaged structures 33
3.3 Expert systems for damage assessment and rehabilitation 37

4. PRELIMINARY PHASES IN THE DEVELOPMENT OF "DASE" EXPERT

SYSTEM 45
4.1 Selection of the problem and justification of ES development 45
4.2 Conceptual design and Software selection 47
4.3 Knowledge Acquisition 50

5. DASE’s METHODOLOGY AND PROTOTYPING 59
5.1 Prototyping 59

5.2 Methodology of DASE’s third and final prototype version 72

5.2.1 Starting the consultation 75

5.2.2 Flexibility and ductility of the building structure 76

5.2.3 Distress and failure mode identification 80

5.2.4 Damage assessment methodology 83

5.2.4.1 The Analytical Hierarchy Process (AHP) method 84

5.2.4.2 Implementation of the AHP method to DASE’s damage

assessment 86
5.2.5 Crack damage assessment 90
5.2.6 Spall damage assessment 99
5.2.7 Crush damage assessment 104

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



vii

Page

5.2.8 Assessment of rebar condition | 105
5.2.9 Deformation damage assessment 107
5.2.10 Final overall damage assessment | 108
5.2.11 Retrofit actions for damaged elements 117

5.2.12 Entire story damage classification and restoration

guidelines 120

5.2.13 Ending the consultation 124

6. EXSYS IMPLEMENTATION 125
6.1 Knowledge Base Parameters 126

6.2 Knowledge Representation 129

6.2.1 Sample qualifiers 131

6.2.2 Sample choices 132

6.2.3 Sample variables 133

6.2.4 Sample rules 135

6.3 Explanation and Justification of Knowledge 140

6.4 Complementary programming 142

7. DASE’S VALIDATION 148
7.1 Process of Validation 148

7.2 Validation results 150

7.3 Validation conclusions 155

8. CONCLUSIONS AND RECOMMENDATIONS 156
8.1 Final outcome 156

8.2 Main features 157

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



viii

Page

8.3 Limitations or drawbacks 158

8.4 Benefits 159

8.5 Future Research and Recommendations 160

8.6 Implementation factors 162
DISCLAIMER 163
REFERENCES 164
Appendix

A. KNOWLEDGE BASE

A.1 Rules 182
A.2 Qualifiers 295
A.3 Choices 303
A.4 Variables 315

B. COMPLEMENTARY PROGRAMMING

B.1 Operating system configuration 323
B.2 Installation files 324
B.3 Custom system files 328
B.4 Custom screen files 340
B.5 Graphic files 343
C. DASE’s USER’s MANUAL 361
C.1 Expert system requirements 361
C.2 Installation 363
C.3 Running DASE 365

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Page
D. TYPICAL CONSULTATION

Example 1 378
Example 2 386
Example 3 396

E. EVALUATION AND VALIDATION QUESTIONNAIRES
E.1 Evaluation questionnaire 399
E.2 Validation questionnaire 405
E.3 Experts validation responses 411
CURRICULUM VITAE 424

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE

2.1 Comparison between conventional systems and experts systems

2.2 Expert system applications

2.3 Expert systems in structural engineering

2.4  Expert systems in the construction discipline

5.1  Proposed global damage indexes and associated descriptors in
ver.1.0.2

5.2  Type of element and associated index (EI) in ver.1.0.2

5.3 Structural system and associated index (S,,J) in ver.1.0.2

5.4 Construction age or age indicator and associated index (C,.JI)
in ver.1.0.2

5.5 Basic crack patterns and associated index (C,) in ver.1.0.2

5.6  Principal crack location and associated index (C,.I) in ver.
1.0.2

5.7 Crack width (C,) ranges and associated index (C,I) in ver.1.0.2

5.8  Pairwise comparison scale (partially reproduced, Saaty 1982)

5.9  Crack width index (CL,) and associated severity criterion

5.10 Crack extent index (CI,) and associated severity criterion

5.11 Final crack importance or priority factors and final crack
weight factors

5.12 Crack damage index (CI,) and associated severity criterion

5.13 Possible severity criterion associated to an index value

LIST OF TABLES

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Page

20
22
23

63

64

65
67

67
68
89
91
92

96
97
98



X1

Page

5.14 Spall appearance index (SL) 100
5.15 Spall extent index (SI) and associated severity criterion 101
5.16 Final spall priority factors and final spall weight factors 103
5.17 Spall index (SI) and associated spall severity criterion 104
5.18 Crush damage index (CI,) and associated severity criterion 105
5.19 Rebar condition index (RI) and associated severity criterion 106
5.20 Deformation index (DI;) [only for beams] 107
5.21 Deformation index (DI;) [only for columns] 108
5.22 Final overall priority factors 116
5.23 Overall damage index (D) and overall damage criterion 117
5.24 Computation of floor severity indexes 122

5.25 Global story index, floor damage classification and restoration

criterion 123

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF FIGURES

FIGURE

2.1 Architecture of an expert system

2.2 Expert system development process

5.1 DASE’s knowledge base modules

5.2 DASE’s general flowchart

5.3 DASE’s structural flexibility and ductility determination

5.4 DASE’s failure mode identification and element damage
assessment methodology

5.5 DASE’s hierarchy levels for damage assessment applying the AHP

5.6 Pairwise comparison of crack factors against damaging influence
in the crack condition

5.7  Pairwise comparison of crack width and crack extent against
damaging influence in the crack condition

5.8  Pairwise comparison of spall factors against damaging influence
in the spall condition

5.9 Pairwise comparison of distress conditions against the damaging
influence to the structural safety of a 'Beam’ (when all
distress conditions are developed or present)

5.10 Column totals for beam matrix

5.11 Normalized beam matrix, row sums, and average row sum or

priority vector

X11

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Page

10
60
73
79

31

94

95

102

110

111

112



5.12

5.13
5.14

5.15

5.16

6.1
6.2

7.1

7.2

7.3

B.5.1
B.5.2
B.5.3
B.5.4
B.5.5
B.5.6
B.5.7

Page
Columns of the beam matrix muitiplied by each value of the
corresponding priority vector 112
Row sums of modified entries of beam matrix 113
Pairwise comparison of distress conditions against the damaging
influence to the structural safety of a column (when all
distress conditions are developed or present) 115
DASE’s determination of rehabilitation and emergency
procedures 118
DASE’s entire story damage classification and restoration
guidelines 121
Crush appearance options (Crush.pcx) 146
Column retrofit replacing longitudinal rebars and hoops
(Colrebrp.pcx) 147
DASE'’s validation: Efficiency criteria 151
DASE’s validation: Effectiveness criteria 152
DASE’s validation: Prioritization of benefits | 154
Beam strengthening with epoxy glued steel plates (Bmepxsp .pcx) 343
Beam jacketing with welded wire fabrics (Bmjckwwf.pcx) 344
Beam retrofit by rebar insertion (Bmrebins.pcx) 345
Beam retrofit replacing flexural rebar (Bmrebrep.pcx) 346
Beam retrofit increasing cross section (Bmsecinc.pcx) 347
Beam retrofit modyfing cross section (Bmsecmod.pcx) 348
Beam retrofit with tension tie rods (Bmtierod.pcx) 349

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Xiv

Page
B.5.8 Column jacketing with welded closed hoops (Coljckho.pcx) | 350
B.5.9 Column jacketing with steel plates (Coljcksp.pcx) 351
B.5.10 Column jacketing with welded wire fabrics (Coljckwf.pcx) 352
B.5.11 Columns retrofit increasing section (Colsecin.pcx) 353
B.5.12 Column retrofit with steel strips and angles (Colststp.pcx) 354
B.5.13 Principal crack pattern options (Crackpat.pcx) 355
B.5.14 Principal crack location options (Crckloc .pcx) 356
B.5.15 Types of structural systems (Element .pcx) 357
B.5.16 Spall or Crush-spall location options (Spalloc .pcx) 358
B.5.17 Columns winding with steel wire (Stelwire.pcx) 359
B.5.18 Types of structural systems (System .pcx) 360

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 1
INTRODUCTION

Immediately after an earthquake of medium or large magnitude strikes, the need
for inspection, assessment and estimation of the resulting damage to building structures,
is imperative and of great importance in order to evaluate their safety and determine
immediate and long term measures to reduce the risk of collapse of those structures that
remained standing and need repair or strengthening.

The first measure is to come up with an inspection methodology that provides,
in a quick and reliable manner, sufficiently accurate information of the state of damage
of the structures and a posting criterion as to the remaining safety they provide. In a state
of emergency of this type, shortcomings arise in the sense that there is not enough
qualified personnel, such as structural engineers or professionals familiar to the
construction industry, to cover all the inspections in a reasonable short period of time,
therefore seeking for additional manpower that may not have sufficient or even basic
structural knowledge, nor have participated in special training programs for
postearthquake emergencies.

In such situations the time and cost of training become critical, and the lack of
it may or does affect substantially the effectiveness of the inspection programs. Even with
trained personnel performing the inspections, exhaustion and other symptoms of
emotional and physical fatigue, can impact greatly the ability to think and make
judgements.

It is in this type of hazardous situations, when the technology of artificial

intelligence may become useful and cost effective, by assisting in the process of or
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supporting decision making.

Artificial intelligence deals with topics related to the simulation of human
intelligence, branching into several areas such as natural language understanding, robotics
and experts systems. Expert systems specifically attempt to simulate intelligent problem
solving behavior in a computer program.

In the field of structural engineering many expert systems have been developed
and some of them are operational or developmental prototypes, addressing topics such
as: materials, structural analysis, code checking, structural systems and miscellaneous.

Several experts systems related to damage assessment of structures have been
developed [Yao 1984, Maher 1987, Yeh et al. 1991, etc.], but to the best of the author’s
knowledge, none of them have addressed the assessment of simple structural elements,
such as beams and columns, in a structured manner, leaving to the inspectors own
judgement, the degree of damage of each and one of the structural components of a
structure, to latter consider them in a global sense as to the degree of safety of a whole

structure or building.

1.1 Purpose and Scope of the Thesis

Based on the need to resort to the cooperation of non-experts to aid in a rapid and
reliable inspection and on the inherent state of stress in a postearthquake emergency
situation, the purpose of this thesis is to provide an alternative training and consultation
tool, using expert system technology, to assist in the assessment of local structural
damage of beams and columns made of cast in-place concrete, not exposed to soil nor
to aggressive environments, based on visual observations, identifying possible failure

modes, determining a degree of damage severity and suggesting immediate actions to
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3
take afterwards, in order to maintain an acceptable local safety level; this level of
inspection assumes that the building has been previously inspected by a first level
screening of damage, and resulted as being considered ’questionable’ as to safety. The
proposed prototype expert system is called "DASE", an acronym for "Damage
Assessment of Structural concrete Elements”. Floor damage classification and restoration
guidelines, can also be provided, assuming that all of the structural components in a

building’s floor have been inspected.

1.2 Content and Organization of the Thesis

After this introduction, Chapter 2 provides an overview of expert system
technology and applications to the civil engineering discipline. Chapter 3 reviews damage
assessment methodologies and rehabilitation techniques for damaged structures and expert
system applications in this particular field. Chapter 4 describes the preliminary phases
involved in the development of DASE, followed by Chapter 5 where the methodology
used to develop.DASE is presented. DASE’s implementation strategies in Exsys
Professional software are discussed in Chapter 6. In Chapter 7, DASE’s validation
process is discussed and the validation results are presented. Chapter 8 finalizes with

conclusions and recommendations. Appendixes A to E document the expert system’s

development, use and validation.
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Chapter 2
EXPERT SYSTEMS OVERVIEW

The attempt to simulate or reproduce intelligent problem-solving behavior in a
computing machine has received considerable attention among professional and academic
groups. The search for a solution to a specific problem requires specific knowledge
(numeric, symbolic, heuristic, algorithmic), that may or may not be readily available due
to the fact that much of the knowledge resides in the experience and intuition of experts
in the field of interest and/or there are problems in finding the best source of specialized

knowledge in a timely manner.

The traditional use of computers to solve engineering problems that are formal
and analytical in nature requires a list of sequentially executable statements that are
formulated before the computer can solve the problem. This requirement has restricted
the use of the computer to problems that have solutions that are well understood. The
desire to use the computer to aid in a solution of engineering problems that are less

formalized or understood has lead to recent interest in expert systems techniques.

2.1 Definition of Expert Systems and characteristics

The following is a good standard definition of expert system [Kostem and Maher
1987]:

"Expert systems are interactive computer programs incorporating judgement,
experience, rules of thumb, intuition, and other expertise to provide knowledgeable

advice about a variety of tasks".
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5

Conventional programs can be interactive, and contain judgement and rules of

thumb, yet they are not expert systems.

Table 2.1 illustrates a comparison between the characteristics and capabilities of

experts systems and conventional systems.

Table 2.1 ComBan'son between Conventional szstems and ExBert szstems [Turban 1990].

Conventional systems

Expert systems

Knowledge and processing are
combined

Programs do not make mistakes

Do not (usually) explain why input
data are needed or how conclusions
were drawn

The system operates only when it is
completed

Execution is done using algorithms
and numerical data

Needs complete information to
operate

Effective manipulation of large
databases

Representation and use of data
Deals with quantitative data

Captures and gives access to
numerical data

Efficiency is a major goal (perform
in the right manner)

2.2 Expert Systems Architecture

Knowledge base is separated from the
inference mechanism

Program may make mistakes

Explanation is a part of most ES

The system can operate with only a few
rules (as a first prototype)

Execution is done using heuristics
through symbolic representation

Can operate with incomplete or uncertain
information

Effective manipulation of large
knowledge bases

Representation and use of knowledge
Deals with qualitative data

Captures and gives access to judgement
and human expertise

Effectiveness is the major goal (arrive at
the right conclusion)

According to Maher [1987] "the basic architecture of an expert system exhibits
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6
a separation of domain knowledge, control knowledge, and knowledge about the specific
problem currently being solved; this leads to the identification of the following basic
components:
1. Knowledge base: contains facts and heuristics associated with the domain in which the
expert system is applied. The facts are represented as declarative knowledge, and
heuristics take the form of rules.

2. Inference mechanism: part of the expert system that contains the control information

such as backward or forward chaining (see section 2.4.2 Implementation strategies’ of
this theses).
3. Context: component of an expert system that contains thc information about the

problem currently being solved.

Additional components needed to make the system usable and friendlier are:
4. User interface: highly interactive component, with "HELP" facilities and transparency
of dialogue that explains the reasoning process used.
5. Explanation facility: This facility varies from the trace of execution to the ability to
respond to questions about the reasoning process used to develop a solution.

6. Knowledge acquisition: component in an expert system that facilitates entering

knowledge into the knowledge base. In the simplest case, this facility acts as an editor".

The relation among this components is illustrated in figure 2.1.

Variations of the basic architecture have been developed, such as the production

system model and the blackboard model, and more are expected to develop in the future.
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