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PREFACE

This research project was funded by the Kansas Department
of Transportation K-TRAN research program. The Kansas
Transportation Research and New-Developments (K-TRAN) Research
Program is an ongoing, cooperative and comprehensive research
program addressing transportation needs of the State of Kansas
utilizing academic and research resources from the Kansas
Department of Transportation, Kansas State University and the
University of Kansas. The projects included in the research
program are jointly developed by transportation professionals
in KDOT and the universities.

NOTICE

The authors and the State of Kansas do not endorse
products or manufacturers. Trade and manufacturers names
appear herein solely because they are considered essential to
the object of this report.

This information is available in alternative accessible
formats. To obtain an alternative format, contact the Kansas
Department of Transportation, Office of Public Information,
7th Floor, Docking State Office Building, Topeka, Kansas,
66612-1568 or phone (913)296-3585 (Voice) (TDD) .

DISCLAIMER

The contents of this report reflect the views of the
authors who are responsible for the facts and accuracy of the
data presented herein. The contents do not necessarily
reflect the views or the policies of the State of Kansas.
This report does not constitute a standard, specification or
regulation.
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ABSTRACT

Errors arising during the construction of bridges may have a catastrophic effect on the
performance of a completed highway bridge if they are not properly assessed and corrected.
The major goal of the Bridge Construction Expert System (BCX) is to assist young bridge
construction engineers and inspectors in determining the extent of damage due to construction
errors and specifying the necessary repair solution. BCX was created to provide a unified
repair procedure for the Kansas Department of Transportation (KDOT) by gathering domain
. expertise from designers, construction engineers, inspectors, and contractors. The
development goal was to create a system that would provide not only the most suitable repair
s'olution in a timely manner, but also a system that would p;ovide training to prevent future
errors from occurring. The scope of the system was limited to pier footings with the
exception of drilled shafts. A successful system was developed by creating panels of domain
experts and users and interacting with these groups beginning early in the project and
continuing throughout the development of the system. The development strategy has been
deliberately designed to deliver a system that addresses the real needs of KDOT, and that will
become a functional tool for training and determining solutions to construction efrors.

Knowledge for the system was acquired through case histories, expert interviews, and
current documentation in the area. The use of case histories for the development was found
to be unsuccessful because of the lack of documentation of simple errors. The majority of the
knowledge used for the development was bacquired through interviews with the experts. In
order to ease future expansion, the system was designed in three modules with submodules

that cover specific areas within the module topic. This format allows the program to be easily



maintained and modified as future development occurs or future cases become available.
Validation and verification of the system was conducted by allowing the panel members to
run test cases on the system. Ninety cases were tested. Of those cases, 80 percent produced
correct repair recommendations. The remaining 20 percent were iﬁcorrect because of a
simple logic error that was later corrected.

The development of this project has successfully continued expert system development
for the Kansas Department of Transportation. This system provides better allocation of
scarce resources, more consistent quality solutions, and improved personnel productivity and
performance which leads to improved efficiency and reliability at reduced cost. In addition,
the development goal has been met by creating a system that will provide not only the most
suitable repair solution in a timely manner, but also an expeditious training aid which can help

to prevent future errors from occurring.
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1.0 Introduction

Errors arising during the construction stage may have a catastrophic effect on the
performance of a completed highway bridge. For example, the mislocation of a spread or pile
footing could result in the cascading effect of mislocating the column and then mislocating
a stiffener in the girder superstructure. Thus, it is essential to correctly determine the
significance of each construction error and take appropriate corrective action. More
commonly, construction errors can cause délays in the construction process. Mislocated pier
footings can stop construction while bridge designers determine a repair solution for the error.
Unfortunately, it can be difficult to properly assess error criticality and promptly determine
corrective action due to the large network of construction and design specifications involvéd
and the importance of understanding the role that the flawed element will play in the final
structure. All the information needed to support a good decision may not be available at the
right thné and in the right place to solve the problem in the restricted time necessary to keep
the job on schedule. This problem is an excellent one to address with a knowledge-based
expert system approach.

Unlike conventional programs which only make numerical computatiohs, knowledge-
based expert systems make intelligent decisions within their area of specialization. This
technology was first developed by computer scientists working in artificial intelligence using
special-purpose languéges and large computers. Now many expert systems can be created

and run using relatively inexpensive software on personal computers.



1.1 Purpose

The objective of this research was to develop an expert system that would include a
system to find solutions to pier footing construction errors of bridges and to train young
engineers and inspectors of possible pier footing construction errors as a means to prevent
future errors. This document charts an expeditious and appropriate transfer of knowledge-
based expert system technology to the Kansas Department of Transportation (KDOT)
through the development of an application targeted at the resolution of errors arising during

the construction of highway bridges.

1.2 Overview of Development Process

To meet the objeétives of this project, a specific development methodology was '
defined at the beginning of the project which consisted of: (1) project identification and
selection, (2) feasibility analysis, (3) formation of panels, (4) definition of goals, (5)
knowledge acquisition, (6).knowledge engineering, (7) validation and verification, and (8)
project evaluation and documentation. This sequence is shown in Figure 1. Each task is
briefly discussed below with reference made to those sections of this report discussing a

particular development task in more detail.

1.2.1 Project Identification and Selection

The project identification and selection began with generating a list of candidate
applications for expert system development for the Kansas Department of Transportation.

One of these applications was then selected based on the organizational commitment,



evaluation of payoff, urgency and benefits, and goals and expectations. This phase of the

development is discussed in depth in Section 3.1.

1.2.2 Feasibility Analysis

The feasibility analysis evaluated the selected application to determine the likelihood
of success. The main features analyzed were the technical suitability of the problem and
availability of expertise in the problem area. ~ The feasibility analysis is covered in greater

detail in Section 3.2.

1.2.3 Formation of Panels

With KDOT's cooperation, two panels,.the Panel of Experts (PoE) and the Panel of
Users (PoU), were assembled. Each panel consisted of seven individuals, including design
engineers, field engineers, consulting engineers, and contractors. The formation of these

panels is covered in greater detail in Section 3.3

1.2.4 Definition of Goals

A survey was performed on the knowledge available, the techniques presently used, current
construction practice(including KDOT bridge manual), .and the general litc?rature coverage
of the problem domain. The needé of the bridge community in general, and KDOT in
particular, were identified prior to the development of the knowledge base. The specific goals

of this project are described in Section 3.4.
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1.2.5 Knowledge Acquisition

Knowledge acquisition entails extracting domain knowledge from literature,
documentation of current procedures, and interviews of the experts in the field. Knowledge
acquisition for this expert system was completed using (1) questionnaires to KDOT bridge
engineers, construction personnel, field inspectors, and contractors; (2) interviews with
KDOT bridge engineers, construction personnel, field inspectors, and contractors; (3)
historical records such as case studies, bridge databases, and inspection reports; and (4)
simulated results for hypothetical situations. The collection of information and cases was used
for the knowledge engineering development phase described below. Additional information

on the knowledge acquisition phase can be found in Section 3.5.

1.2.6 Knowledge Engineering

Knowledge engineering entailed structuring the system knowledge-bases and creating
the rules of the expert system. It also entailed developing the user interface (input/output
screens, pull-down menus, inquiry boxes and hyper regions, and textual descriptions of the

problem)) Further detail on these phases can be found in Section 3.6.

1.2.7 Validation and Verification

The validation and verification of the system was completed by holding workshops
attended by the research team, the panel of experts and the panel of users. During these
workshops, the system was demonstrated and its performance was discussed and evaluated

based on appropriate case studies. Feedback and comments were incorporated in the revised



versions of the system when appropriate. The testing methodology is described in Section

3.7 and the results are described in Section 4.0.

1.2.8 Project Evaluation and Documentation

An assessment was made of the effectiveness and efficiency of the system
development and the extent to which the project and expert system met the initial goals and
expectations. In addition, comparisons were made to the existing expert system currently in

use at KDOT. The project evaluation and documentation are discussed in Section 3.8.



2.0 Background

2.1 Knowledge-Based Expert Systems

Knowledge-based expert systems have become a very useful tool for many
engineering applications. Expert systems are computer programs that use an expert’s
knowledge to solve problems within their area of expertise. They model the problem solving
abilities of the expert. This section discusses the personnel involved in the development, the
structure, the tyges of knowledge, the knowledge representation techniques, the inference
strategies, the advantages and the disadvantages of an expert system.

2.1.1 Personnel

An expert system is developed with the cooperation of the domain experts, the
expected end users, and the knowledge engineer.
Domain Experts
Experts are people that are trusted and respected. They are considered experts because of
their personal experience, reputation and standing. In short, experts are experts because of
what they are able to do with their acquired knowledge. Experts can be characterized by the
following features (Hart 1986):

Effective - An expért uses his knowledge to solve problems with an acceptable

rate of success. -



Efficient - An expert must not only solve problems, but must also be able to

deduce more probable solutions and quickly determine the most

relevant information.

Aware of limitations - An expert is aware of the scope of his knowledge.

An expert is consulted as a provider of information, as a problem-solver and as an explainer.
Consultations with experts allow non-experts to learn as well as build confidence.

The experts are a vital part of the development of an expert system, therefore, the
enthusiasm of the experts for the project may be the most important key to its success. Two
simple points can be made to' encourage the experts. Firstly, the expert system when
devek;ped will only handle the straightforward problems that probably represent 90% of their
work, but work that is rather boring. Thus allowing them time for the really difficult and
* interesting problems. ‘Secondly, impending retirement with a natural pride of trying to
preserve a lifetime’s experience for others, can be another stroﬁg motivator (Allwood 1989).
Knowledge Engineer

The knowledge engineer is the person who acquires the domain knowledge, and builds
and tests the expert system. The knowledge engineer must interact with both the experts and
the end-users. Therefore, it is very important that the knowledge engineer has the right inter-
personal skills (Feigenbaum & McCorduck 1984; Welbank 1983). Some of these are
described below (Hart 1986):

Good communication skills - effective use of the spoken and written word, diagrammatic

representation, and interpretation of body language.



Intelligence - The knowledge engineer is continually learning and must be able to learn
about a new knowledge domain, and understand enough of the terminology

and principles to be able to discuss it fully with an acknowledged expert.

Tact and diplomacy - The success of the project will depend on the cooperation of a number
of important experts. An expert who has been alienated by thoughtless or

~ tactless treatment will tend to lose interest. Any suggestion that a program

can replace or outperform the expert can be disastrous. So is an intimation

that the expert is failing to provide the right information in an appropriate

way.

Empathy and patience - The knowledge engineer and expert must work together as a team,
each respecting the other. This means that the knowledge engineer must
appreciate the problems faced by the expert. He needs to encourage without
being patronizing, to argue without appearing self-opinionated, and ask for
clarification without appearing critical. If he realizes the reasons for the
expert’s hesitancy or apparent incoherence then he will be able to exercise

sufficient patience.

Persistence - Results may come slowly. Ultimately, there must be no gap‘s or

inconsistencies, but during development there may be many. In order to



resolve problems the knowledge engineer must persist; must retain
enthusiasm and belief in the project. Despite setbacks, the knowledge

engineer must persist in the conviction that success will come.

Logicality -  The inference mechanism of the expert system must be consistent and logical.
sDuring knowledge elicitation, especially the early stages, the expert’s

explanations may seem confused or fragmented. The elicitor needs to be able

to argue reasonable, recognizing valid statements and providing meaningful

counter examples for possible errors. The completeness and consistency of

the emerging model must also be assessed. All of this requires a level of clear

thought and logicality.

Versatility and inventiveness - Using judgement to select methods which seem appropriate,
and abandoning those which are not effective. The knowledge engineer may
have to discard early results or models, and if necessary invent representations
which suit the expert and the domain. This requires an informed, versatile
approach to the project, together with an ability and willingness to try new

ideas.

Self confidence - The combination of these qualities and skills must be matched by self

confidence. A shy or immature person, however technically able, would not

10



be able to control a project. The development of an expert system is a
challenge, and the knowledge engineer must have enough self confidence to
sustain enthusiasm for the project. At the same time this confidence must not

result in bombastic or patronizing behavior.

Domain knowledge - The knowledge engineer has to talk to the expert using the expert’s
terminology. It would be advantageous, therefore, for the knowledge
engineer to have some background knowledge of the domain, for example, the

types of problems encountered, the terminology, accepted methods and tools.

Programming knowledge - The knowledge base and inference mechanisms used by the expert
will be implemented in a program. It is advisable, but not essential, that the
knowledge engineer understands programming and the various forms of
knowle_dge representation available. However, during knowledge elicitation
an intelligent and versatile approach is most important, and some deficiencies

in computer science experience can be tolerated.

It is unlikely that a knowledge engineer would have all these qualities, this list is
included to give an idea of the optimal person’s talents and the ways in which they are likely
to be needed. However, it is certain that the selection of the knowledge engineer will have a

crucial effect on the success of a project.
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End-users

The end-users are the individuals who will eventually be working with the system.
Final acceptance of the system will depend to a large degree on how well the system meets
the needs of the end-users (Durkin 1994). The end-users should be responsible for specifying
how the expert system should be accessed, how the information is entered, how the system
provides explanationé, what additional utilities should be used for support (i.e., databases,
spreadsheets), and how the system’s interface is designed. If the end-users are not involved
in the project from the beginning, no matter how powerful the expert system, the project is

likely to fail the ultimate test: Will it be used? (Durkin 1994).

2.1.2 Structure

A human expert is someone that has specialized knowledge in a particular area, known
as domain knowledge. This domain knowledge is stored in the expert’s long-term memory.
Human experts are commonly used as advisors. When advising, the expert obtains the facts
about the problem, and stores them in short-term memory. Using the short-term memory
facts and the long-term memory knowledge, the expert reasons about the problem, infers new
problem information and eventually arrives at a conclusion. This problem solving approach
is shown in Figure 2. Expert systems are computer programs that solve problems using a
process that is very similar to the methods used by a human expert. The expert system

problem solving approach is shown in Figure 3.

12
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Figure 2. Human Expert Problem Solving (After Durkin 1994).
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Figure 3. Expert System Problem Solving (After Durkin 1994).
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The long-term memory of an expert system contains the domain knowledge and is
known as the knowledge base. The short-term memory of an expert system contains the
facts about the problem that are entered during a consultation and is stored in the working
memory of the computer. The inference engine is the processor in an expert system that
matches the facts contained in the working memory with the domain knowledge contained
in the knowledge base, to draw conclusions about the problem. The final element of the
eXpert system is the interface between the expert system and the end users referred to as the
user interface. The construction of an expert system is simplified by using a commercial
expert system shell. The expert system shell is a building tool that provides programming,

knowledge representation, inference capabilities and user interfaces.

2.1.3 Types of Knowledge

The knowledge obtained from the experts and the literature is contained within the
knowledge base and can be classified an several ways. Procedural knowledge describes how
a probleh is solved and provides direction on how to do something. Rules, strategies,
ageﬁdas and procedures, are the typical type of procedural knowledge used in expert systems.
Declarative knowledge describes what is knéwn about a problem and includes simple
statements that are asserted to be either true or false. Meta-knowledge describes knowledge
about knowledge and is used to pick other knowledge that is best suited for solving a
problem. Heuristic knowledge describes a rule-of-thumb that guides the reasoning process.
It represents the knowledge compiled by an expert through the experience of solving past

problems. Structural knowledge describes an expert’s overall mental model of concepts,

14



subconcepts, and objects. Table 1 shows these different types of knowledge.

Types of Knowledge

Procedural ' Rules
Knowledge Strategies

Agendas

Procedures
Declarative : Concepts
Knowledge Objects

Facts
Meta- Knowledge About the Other Types
Knowledge of Knowledge and How to Use Them
Heuristic Rules of Thumb
Knowledge
Structural Rule sets
Knowledge Concept Relationships

Concept to Object Relationships

Table 1. Different types of knowledge (Durkin 1994).

2.1.4 Knowledge Representation Techniques

There are several techniques used to represent Athis knowledge within an expert
system. An Objecf-Attribute—Value Triplet is a fact of knowledge used to define a
particular property value of some object. For example, the statement “the pile’s mislocation
is 10 inches” assigns a value of “10 inches” to the pile’s mislocation. Attributes can be single-
or multi-valued. Rules are a knowledge structure that relates some known information to
other information that can be concluded or inferred to be known. The rule is structured as
follows: IF a set of propositions (antecedent) is True THEN one or more conclusion
(consequent). Semantic Networks are a knowledge representation technique that uses a

graph made up of nodes and arcs where the nodes represent objects and the arcs the

15



relationships between the objects. For example, a node may be labeled substructure unit and

the arc may be labeled IS A or HAS to define the relationship between the connected nodes.

Frames, an extension of the semantic network, are data structures for representing

stereotypical knowledge of some concept or object.

2.1.5 Inference Strategies

The inference engine determines what questions are asked of the user and how to use
the information given by the user. In other words, it directs the consultation. Two inference
strategies (also known as control strategies) can be used in combination or alone by the
inference engine. Forward-chaining begins with a set of known facts, derives new facts
using rules whose premises match the known facts, and continues this process until a goal
state is reached or until no further rules have premises that match the known or derived facts.
Backward-chaining attempts to prove a hypothesis by gathering supporting information.
A goal agenda is a series of goals to pursue in a prescribed sequence and directs the
searching of the inference engine. An indirect combination of forward and backward chaining
can be accomplished by using demon rules. A Demon rule is a rule that fires whenever its

premises match the contents of the working memory.

2.1.6 Advantages

The main advantages of expert systems include: availability, consistency,
comprehensiveness, and non-expert training. It generally takes over five years for someone

to acquire expertise in a particular area. Expertise is gained from dealing with different cases,
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and learning patterns and principles which rely on heuristics or rules of thumb. These rules
of thumb are seldom documented, thus non-experts must rely on the advice from experts. If
the expert’s knowledge is encoded into an expert system fhe availability of that expert
expands. In contrast to the human expert, the expert system will not take holidays, become
ill, or retire. The knowledge will remain available for training non-experts. In addition, an
expert system will be consistently correct, provided it has been formulated correctly. Expert
systems to do not have “off” days because of stress or illness. Once an expert system has
been proven correct, it will remain correct. Not only will an expert system allow users to
easily access consistent expert advice, it will also allow the user to receive an opinion
formulated from more than one expert. It is often difficult to get a group of experts to discuss
a case and reach a consensus opinion, however, expert systems are developed by using a
group of experts. Therefore, the advice from an expert system is the comprehensive advice
from a group of experts. The acceptability of expert systems by engineers in an office will
hi‘nge on their perception of its value, but there is the advantage that consulting an expert
syétem in the privacy of an office is far less emb'arrassing than facing a formidable expert.
There is also a clear indication already that frequent consultation of an expert system is itself

auseful sub-conscious learning process which could be of great value to non-experts.

2.1.7 Disadvantages

There can be definite disadvantages to expert systems if exaggerated claims of their
power and usefulness are made. There are a number of areas to consider before developing

an expert system: choice of domain, acceptability, and limitations. Some problems cannot
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eﬁcientiy be addressed by an expert system because the domain is not suitable. Those would
include problems in which experts are not available or do not even exist, problems that take
more than a few hours to solve, and problems that concern frequently changing knowledge.
Another consideration should be the accéptability of the finished expert system. There exists
a resistance to the use of computers among some individuals. They do not feel that a
program can be using the same reasoning that a human expert would. Human experts know
their limitations. However, expert systems tend to always produce a result and may in turn
over-diagnose. Therefore, it is important to stress that an expert system should be used to

assist and not replace.
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2.2 Methodologies Used in the Development of Knowlédge—Based Expert Systems
The development of knowledge-based expert systems can be separated into six phases:
(1) Problem Assessment, (2) Knowledge Acquisition, (3) System Design, (4) Testing and
Evaluation, (5) Documentation, and (6) Maintenance (Durkin 1994; Hart 1986; Allwood
1989). This methodology is shown in Figure 4. These development phases are not sequential,
in fact, there is considerable overlap. The development of expert system is an iterative
process. In order for the completed system to be successful, these phases must be revisited

with refinements as the project progresses.

2.2.1 Problem Assessment

The problem assessment phase consists of determining the organizational motivation, forming
a list of candidate applications, conducting a feasibility study, and selecting the candidate
application for development. The organizational motivation can be classified in two ways:
Problem Driven or Solution Driven. If the organization has the desire to solve a specific
existing problem with expert system technology, it’s motivation can be classified as problem
driven. In this case, a list of candidate applications is unnecessary because a specific prbblem
has already been identified. However, if the organization has the desire to explore the expert
system technology, it’s motivation can be classified as solution driven. In this case, a list of
candidate applicatidns must be developed.

The list of candidate applications should be formed by meeting with middle to upper
management personnel with the best overview of the problems that need to be solved by the

organization. This meeting should examine problems that involve human decision making,
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heuristic knowledge, and judgmental knowledge. Experience has shown (Goodall 1985) that

the most successful projects are those with fairly modest objectives, taking about six man-

months to develop.. The problem should have a clearly defined use and scope. Furthermore,

the chosen problem must be sufficiently important to warrant investigation, while being

technically feasible. Questions to be asked include (Hayes Roth et al. 1983):

How important is this problem?

What would be the advantages of an expert system?
How common is the ‘problem?

How important will it be in a few years’ time?

Can the problem be eésily defined?

Would it be practical to use a computer?

Has anyone tried a similar project elsewhere?

Who would use the expert system? Why?

Is there a shell we could use?

Is there any documentation?

" How do the experts learn their expertise?

Can we spare an expert’s time?

What resources do we need?

What might make this project difficult to develop?
Do the experts‘disagree?

How long does it take to become an expert?

How much can be invested in this project?
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. Are there any times when the experts are not available
for consultation?
. Is the knowledge complex, needing several inference

mechanisms and knowledge representations?

. Will the expert system need updating frequently?

. Can we tolerate imperfect output?

. Will the development of the interface require great
effort?

A discussion along these lines will help to identify possible difficulties, to reach agreement on
sensible objectives, and to draw up plans for the development of a project having obvious
commercial benefits.

Once a list of candidate applications has been formed, the feasibility of these
applications should be studied. The main objective of the feasibility study is to determine the
llikelihood of success. The success of an application can be estimated by examining the
project requirements and the project risks as shown in Figure 5. The requirements of the
project include the proper resources: computers, software, and funding; and the knowledge
source: available experts, case studies, and documentation.

The risks of the project can be classified into three categoriés: problem, people, and
deployment; The risks of the problem are determining whether the application is a viable
candidate for expert system development. The characteristics of an appropriate expert system

problem are shown in Table 2.
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Expert knowledge needed

The problem requires expertise to solve, which includes
both expert knowledge and expert problem solving skills.

Problem solving steps are
definable

The major steps used by the expert when solving the
problem can be clearly defined.

Symbolic knowledge used

The type of knowledge used by the expert is symbolic in
nature, rather than in the numeric form that is more
commonly found in conventional programs.

Heuristics used

The expert uses rules-of-thumb gained from past
experiences to guide the problem solving.

Problem is solvable

Expert systems are not intended to address new novel
research issues, but rather to solve problems that can
currently be solved by human experts. -

Successful systems exist

Prior systems in the application area have been
successfully built.

Problem is well-focused

The overall scope of the problem is manageable, focused
on an issue that is achievable by an expert system
approach.

Problem is reasonably
complex

The problem is reasonably complex; not too easy where
the effort may not be justified, or too difficult where the
problem may not be manageable.

Problem is stable

The knowledge and the approach to solving the problem
are stable. If changes are likely to occur, then the expert
system will need to be modified often.

Uncertain or incomplete
knowledge used

The problem requires good judgement to solve because
of the uncertainty or incompleteness of the available
information.

Non-deterministic

In general, if the problem is deterministic in nature, then a
conventional programming approach is usually the better
choice.

Solution more of a
recommendation

The problem does not require an exact answer - rather,
an educated recommendation.

Table 2. Expert system problem characteristics.
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The risks of the people can be defined according to the individual’s role in the
development. The experts are the major source of knowledge. Therefore, they must be able
to communicate that knowledge, to devote time to the project, and to be cooperative. The
knowledge engineer is responsible for the overall management and design of the system.
They must be able to communicate with the expert, management, and the end users; to select
appropriate software and programming techniques; and to devote a large amount of time.
The end users are those individuals that will have to interact with the completed system. They
must be willing to devote time not only to the development, but also to the testing of the
system; to be receptive to the changes that the completed expert system will invoke; and to
be cooperative and moti?ated about the system development. The management controls the
funds for the project. Therefore, they must support the development, be receptive to the
changes the completed system will invoke, not be skeptical of the results of a new technology,
have reasonable expectations, and understand the objectives of the project.

The final category of the risk assessment is deployment. In order for an expert system
to be successful, it must be effectively distributed and maintained. The critical considerations
include: how easily can the system be introduced into the work environment, how will the
system be maintained, can it be integrated with existing resources of the organization, will
training be available to end-users.

Upon the completion of the feasibility study, a candidate application must be siﬁgléd |
out as the project to be developed and the knowledge engineer must start preparatory work.
Before the knowledge acquisition phase of the project can begin the knowledge engineer, the

person that is responsible for the expert system development, must have an understanding of
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the problem area. This can be accomplished by reading text books and manuals relating to
the subject area and examining case histories or documents. The knowledge engineer should

know as much as possible about the knowledge domain before consulting with the experts in

the field.

2.2.2 Knowledge Acquisition

The second phase of the development is the Knowledge Acquisition Phase. This
phase is considered the most difficult phase of expert systems development. It is a cyclic
process that includes collection, interpretation, and analysis of domain knowledge. The
collection of knowledge is the process of retrieving knowledge from the domain experts and
the documentation on the problem area. The interpretation of the knowledge is to identify
key concepts, rules, and strategies. These key ideas are analyzed in order to form theories
on the organization of the knowledge and problem-solving strategies. The objective is to
obtain a complete and correct description of the expert’s knowledge and the way that
knowledge is handled. The success of the knowledge acquisition phase is dependent upon
a cooperative team effort.

Retrieving or acquiring knowledge from the domain experts is accomplished through
interviews and meetings. The general guidelines for effective fact-finding interviews include:
be specific, do not interrupt, record information, listen to the way the éxpert uses the
knowledge, and allow the expert to use familiar tools to represent knowledge. A variety of
questioning methods can be used to obtain specific results depending on the personality of the

expert. Those methods include (Hart 1986): allowing the expert to describe interesting or
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difficult cases that have occurred; allowing the expert to give a lists of characteristics and
possible decisioﬁs based on those characteristics; giving the expert a goal and allowing the
expert to specify the sets of evidence which are necessary to distinguish this goal from the
other alternatives; allowing the expert to work backwards from a goal rather than forward
from a set of characteristics; or allowing the expert to think out loud at work. Not only can
a variety of questioning methods be used to obtain specific results, but a variety of interview
methods can also be used to obtain specific results. These interview methods include
(Allwood 1989): unstructured interviews, focused interviews, and case study interviews. The
unstructured interviews allow the expert to talk generally about the whole problem area. The
focused interviews concentrate on identifying the preli.minary questions for specific goals.
The case study interviews allow the expert to review and discuss key issues of past problems.
Interviews can be conducted with individual experts or in a group setting. Best results will
be obtained when the expert and elicitor work together as a team, using a method which both
find helpful.

Once the collection of knowledge is complete, the interpretation and analysis of this

knowledge begins. These stages should consider the following issues (Hart 1986):

. What are the inputs or problems?
. What are the outputs or solutions?
. Which types of inputs cause difficulties for the expert?
. How are the problems characterized?
. How are the solutions characterized?
. What sort of knowledge is used?
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. How are problems or methods broken down into smaller units?

A later, more detailed, breakdown would answer detailed questions such as:
. What data are input; in what order and form?
. What are the interrelationships between data items?

. Which data might be missing?

. What assumptions does the expert make?

. What constraints does he have?

. What sort of inferences does he make?

. How does he form concepts and hypotheses?

. How do these relate to each other?

. How does the expert move from one state of belief to another?
. What are the causal relationships?

. Are there any logical constraints on the system?

. Which problems are easy, common, hard, interesting, etc?

The output of the interpretation and analysis stage is a conceptual knowledge model that is

ready for design.

2.2.3 System Design

The next phase of the development is the system design. The objective of this phase
is to determine the knowledge representation technique, inference technique, and expert

system software; to develop a prototype; and to refine the expert system. Section 2.1
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discussed the available knowledge representation and inference techniques. It is during this
phase of the development that these techniques must be evaluated and the best technique for
the problem must be selected. The selection of the expert system software will depend, in
part, upon the knowledge representation and inference techniques selected. In addition, the
cost, developer interface, and user interface of the software should be examined. Many
expert system shells are available with different characteristics. The key is to find the one that
is most useful for the problem at hand.

Once the knowledge representation technique, inference technique, and expert system
software have been selected, the next step is to design a prototype. The objectives of the
prototype preliminary development are to validate the expert system approach, to define the
global strategy, to define the knowledge structure, and to validate the project. Once the
objectives of the preliminary prototype development are met, the prototype should be made
to represent a more formal expert system. The objectives of the final prototype are to
represent to the end-users what the system will do and how the system will look. Therefore,
an effective user interface must be developed. The keys to effective interface design are:
Consistency, Clarity, and Control (Durkin 1994). The screens must be presented in a
consistent manner, the material must be presented in a clear and concise manner, and the
screens must be easy to control. Upon completion of the prototype, meetings should be held
with the experts and end-users to receive suggestions for refinements. The final stage of the
design phase is to incorporate these refinements and to cycle back through the design phase

as needed.
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2.2.4 Testing

The next phase of the expert system development is Testing. This phase includes
system validation, veriﬁcation‘and user acceptance. Verification and validation are utilized
together to ascertain what the system knows, does not know, or knows incorrectly; ascertain
the level of expertise of the system; determine if the system is based on a theory for decision
making; and determine the reliability of the system. The system’s results and reasoning
process should resemble the expert’s. Verification and validation can be done be using test
cases and comparing the expert system’s results with the expert’s results. The user
acceptance will be based on the ease of use of the system, clarity of questions, clarity of
explanations, and presentation of results of the system. The user acceptance can be
determined by questionnaires. The questionnaire should not only allow the user to rate the

system, but should also allow the user to recommend better approaches for the system.

2.2.5 Documentation

The documentation phase of the development is really taking place over the entire
length of the project. It should include the knowledge engineer’s personal diary of the project
development and all the material collected during the project for use in the development.
Good organization of the documentation will not only ease in the development of the expert
system, but will also ease in the preparation of final documentation of the system. The final
documentation should include a final report, a glossary, the source code, a users guide, and

a training and maintenance manual.
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2.2.6 System Maintenance

The final phase of the (ievelopment is system maintenance. However, this phase should
be considered during the first steps of the development. It is important to consider who will
be maintaining the system at the very beginning of the project. This decision should direct
the design of the expert system. The key to system maintenance is complete and accurate

documentation.
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2.3 Knowledge-Based Expert Systems Applications

Research into artificial intelligence started in the late 1950s, but expert systems did
not appear until the mid 1970s. A medical system, MYCIN, by Shortliffe in 1976, is often
cited as the first, and certainly was a majof contribution to general awareness of the topic.
Similarly, the mineral exploration system, PROSPECTOR, illustrated the potential of the
technique in engineering. In the construction industry, John Lansdown in 1982, introduced
many people to the topic through a report on 'Expert Systems in the Construction Industry'.

Expert systems have now been used to solve a broad range of problems including:
data interpretation, prediction, diagnosis of malfunctions, design, planning, monitoring,
debugging and recommen(iing repairs for malfunctions, instruction in how to solve problems,
and control of system's behavior. These problem types match up well with the various
functional areas of transportation and construction engineering which include: planning,
design, fabrication, construction, inspection, maintenance aﬁd rehabilitation. In many of these
tasks, engineers make extensive use of computers. However, many other tasks lack explicit
numerical algorithms and are so complex or ill-defined that conventional computer tools are

of limited use. Expert systems have great potential for solving such ill-structured problems.

2.3.1 _Knowledge-Based Expert Systems in Transportation

Transportation engineering has been made more efficient in recent yearS through
computer applications. Expert systems have been increasingly used on a variety of
applications in transportation engineering. The following are examples of systems developed

in the last three to four years. (Hess & Roddis 1994; Melhem et al. 1994) BFX (Bridge
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Fabrication error Solution Expert System) is used to help design engineers and. materials
inspectors determine the extent of damage due to fabrication errors and specify the necessary
repair solution. It was created to provide a unified repair proceduré for the Kansas
Department of Transportation (KDOT). SITE (Site Investigation and Training Expert
Advisor) is used to assist in the assessment and preliminary investigation of suspected
hazardous waste sites on proposed and existing highway projects. TANK (Tank Advisor and
Knowledge Systems) is used to generate an appropriate preliminary site investigation strategy
to determine the type and extent of contamination from underground fuel tanks. Both SITE
and TANK are currently being used by the California Department of Transportation
(Caltrans) (NCHRP 93). The Connecticut Department of Transportation (ConnDOT)
currently uses an expert system, Pavement Rating and Analysis System (PRS), for pavement
condition rating (NCHRP 93). The Illinois Department of Transportation (IDOT) is currently
developing an expert system that will attempt to relate administrative policies from preventive
maintenance to bridge replacement (NCHRP 93).

There are many expert systems being implemented ‘and developed for the
transportation industry (NCHRP 93). Many are still in the development stages, however,
several are in actual use. The diversity in application is evident by the above examples. As
the technology becomes more widely used and accepted, the amount of applications will also

increase.
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2:3.2 Knowledge-Based Expert Systems in Construction

Construction engineering has also been made more efficient in recent years through
computer applications. Expert systems are becoming an effective tool in the construction
industry to solve problems. SOILCON (Sole Exploration Consultant) is used to eliminate
to some extent the uncertainty involved in subsurface exploration by evaluating known
conditions of the site and recommending appropriate methods to continue explorations, if
required. The system is designed to incorporate subsurface considerations into contract
design, thereby reducing contractor contingencies (Arockiasamy 1992). SIGHTPLAN
(Layout of Temporary Construction Facilities) is designed to assist project managers in their
complex task of designing site layouts and updating the plan continually as project time
progresses. It is currently in the development stages BERT (Brickwork Expert) is an
interactive design aid that evaluates proposed designs for the brickwork cladding of a
building. It critically reviews a submitted design form and AUTOCAD system and suggests
improvements to the user for editing the drawing (Aroc:kiaSamy 1992).

Many more applications are available for the construction industry. The primary focus
is on specific expert systems for specific needs of construction engineers. The development

of these expert systems allow the engineers to address broader issues such as knowledge

availability, decision-making strategies, design innovation, and education of personnel.
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3.0 Bridge Construction Expert System Development

Section 2.2 discussed the general methodologies used for the development of expert
system. This section discusses in detail the development of the Bridge Construction eXpert
system (BCX). The development was divided into eight phases: (1) Problem Identification
and Selection, (2) Feasibility Analysis, (3) Formation of Panels, (4) Definition of Goals, (5)
Knowledge Acquisition, (6) Knowledge Engineering, (7) Validation and Verification, (8)
Evaluation and Documentation. This development methodology has been specifically

tailored to the Kansas Department of Transportation mission and needs. The development

time schedule is shown in Figure 6.
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3.1 Problem Identification and Selection

The objective of this phase was to perform applicability assessment and generation of
candidate applications for expert systems for KDOT. The research team met with engineers
from the Bureau of Bridge Design, State Road Office, Bureau of Materials and Research, and
Local Projects for the purpose of brainstorming and generating a list of possible applications.

The candidate applications are summarized as follows:

. Bridge deck cracking - environmental effects on deck placement.

. Corrosion of bridge deck reinforcement - life prediction and repair efficiency.

. Bridge deck repairs - performance of overlays and epoxy-coated rebars.

. Bridge construction errors - recommended repairs and treiining.

. Highway layout - length of turning and acceleration lanes, and grade
percentages.

. Highway layout - checking environmental codes, alignment choices, effect on

economic development, wet lands, right-of-ways, etc.

. Cost/benefit ratios - acceptable designs within technical constraints.

. Prestressed concrete beams - acceptance criteria, quality control and quality
assurance.

. Concrete slab placement - checklist for field inspection before pouring.

. Inspection of rebar epoxy coating - interpretation of holiday detector data.

. Scour problems - inspection aid for what to look for, analysis of ill-determined

situations, and interface to scour software.

. Pile driving - criteria for number of blows and penetration depth.
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. Debris collection around bridge piers - remedial actions.

. Fatigue of bridges - a surrogate tool for appropriate repairs.
. Asphalt pavement construction - assistance in field inspection of asphalt.
. Concrete pavement - subsurface drainage.

Most of these applications are suitable for expert system development. However, the bridge
construction errors application was selected as the most appropriate candidate application to
investigate. The main criteria for selection was the organizational commitment, evaluation
of payoff, urgency and benefits, goals and expectations, technical suitability, and availability
of expertise. A bridge construction expert system was an obvious extension to the bridge
fabrication error solution expert system (BFX) fhat was developed by a joint University of
Kansas and Kansas State University research project (Hess & Roddis 1994; Melhem et al.
1994). That project was successfully completed and its outcome was presented to the bridge
and structures communities. In addition, there was a real need to establish allowable
construction tolerances to be used by construction engineers and inspectors in the field.
There is an ever increasing number of young engineers and inspectors, while the number of
experts is rapidly decreasing. It was of vital importance to obtain the knowledge from these
experts. The technical suitability and the availability of expertise are discussed further in the

next section.

3.2 Feasibility Analysis
‘"The main objective of the feasibility analysis was to determine the likelihood of

success. The success of an application can be estimated by examining the project
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requirements and the project risks as discussed in Section 2.2.1. Because this is not the first
expert system development research project for the Kansas Department of Transportation,
the proper resources and deployment procedures have previously been established.
Therefore, the feasibility study for this project analyzed only the suitability of the problem and

the availability of expertise.

3.2.1 Suitability of the Problem .

The main features of an expert system are that they use heuristics and that they are
data driven rather than procedure driven. Therefore, a suitable problem must be of this
" nature. Errors occur during the construction of nearly every bridge. Minor errors can result
in catastrophic effects on the completed structure. Therefore, it> is important that these errors
are properly identified and corrected at an early stage. However, there are currently no
guidelines for many of these errors.” Generally, they must be solved by experienced bridge
engineers, inspectors, and contractors. Over the years, these individuals have acquired a
knowledge of acceptable tolerances in the construction of bridges. They use heuristics or
rules of thumb to solve the majority of problems. Their solutions are based on the data of the
error rather than a procedure or algorithm that could be used in a conventional computer
program. Thus, it was determined that the bridge construction errors application was a very
suitable application of expert system technology.

3.2.2 Availability of Expertise
In order for the development of an expert system to be successful, there must be

experts in the problem area and these experts must be willing to participate. Fortunately,
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there have been two previous successful expert system projects completed by this research

team for the Bridge Design Office at KDOT. The success of these projects has motivated
engineers within KDOT to participate in future projects. There were a number of
construction experts from the bridge and construction offices of KDOT. In addition, there
were a number of consultants and contractors that are considered experts in the field of bridge
construction. These experts committed their time to the development of a bddgé construction

expert system.

3.3 Formation of Panels

An expert system is only as good as the knowledge which is in it, and this implies the
knowledge which has been elicited from the experts (Hart 1986). The successful
development of this expert system was dependant upon the access to and thé cooperation of
experts in the problem domain. However, the most complete knowledge base cannot be
successful without considering the end users and the end usage of the expert system.
Therefore, two panels were formed for the development of this expert system. Each panel
consisted of seven individuéls, including design engineers, field engineers, inspectors,

consulting engineers and contractors, as shown in Appendix D.

3.3.1 Panel of Experts

The Panel of Experts (PoE) was formed with the cooperation of KDOT. The
members of this panel consisted of two bridge engineers, three construction engineers, one

contractor, and one consulting engineer. The Panel of Experts served as the primary source
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of domain expertise. Table 3 shows the time commitment that each member of this panel

made.

Participation Number Length
Panel Meeting 3 : 4 hours
Verification Meeting 2 4 hours
Personal Interview 3/member 2 hours
Response to Questionnaire 2 2 hours
Write Reviews of system 3 2 hours

—
: Table 3. Panel of Experts Time Commitment

The responsibilities of this panel included determining the scope of the expert system,

providing input for construction error solutions, verifying the knowledge of the expert system,

and reviewing the completed expert system.

3.3.2 Panel of Users

The Panel of Users (PoU) for this project actually included a number of individuals
considered as experts in the field of bridge construction. The members of this panel also
consisted of three construction engineers, two bridge design engineers, one contractor, and
one consulting engineer. The Panel of Users served as the secondary source of domain
expertise. In addition, the Panel of Users was responsible for determining the user interface,

verifying the knowledge, and reviewing the completed expert system. The time commitment
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made by the members of this panel is shown in Table 4.

Participation Number Length
Panel Meeting 1 4 hours
Verification Meeting 2 4 hours
Personal Interview 2/member 2 hours
Response to Questionnaire 2 2 hours
Write Reviews of system 3 | 2 hours

Table 4. Panel of Users Time Commitment

3.4 Definition of Goals
Once the panels were formed, the members were asked to identify the goals of the
project: (1) purpose of the system, (2) scope and boundaries, (3) usage and usefulness, (4)

target audience and expected end users, and (5) advantages and benefits.

3.4.1 Purpose of the System

One of the first responsibilities of the Panel of Experts was to determine the purpose
of the system. One of the main reasons that this problem was selected was because of the
increasing number of young engineers and inspectors‘ in the field. These individuals have not
had the experience to deal with the majority of construction errors. They feel uneasy about
even the smallest error because they do not understand how the error will effect the

completed structure. Therefore, it was decided that one of the main objectives of this expert
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system should be for training. Furthermore, the panel defermined that the training could be
in the form of a tutorial or a problem solving session. In turn, the problem solving side could
stand alone for more experienced engineers and inspectors. Thus, the purpose of the system
was defined as a training and problem solving tool for young and somewhat experienced

engineers and inspectors.

3.4.2 Scope and Boundaries

The second responsibility of the Panel of Experts was to determine the scope of the
expert system. A large number of construction problems can and do occur.  To limit the
scope, the first step was to examine existing case histories to determine the frequency with
which a particular type of error occurs. Forty-two cases were submitted by the panel
members. These cases were examined and classified by the error member.  Since many
construction errors and solutions are never documented, the experts were asked to determine
the most important construction errors. The experts agreed that the most important
construction errors are thbse involving the substructure. If errors occur during the
construction of the substructure, construction comes nearly to a halt, resulting in costly delays
while the engineers determine the effect on the structure. More importantly, foundation
errors, if not identified and corrected, can be covered with soil and not detected until
problems occur in the superstructure construction or after the entire bridge is built. Because
of the potentially catastrophic effects of these errors, it was decided that the scope of the
expert system should be limited to pier footing errors, in Metric or English units, to include

pile footings, pile bents, spread footings, and cofferdams and exclude drilled shafts. Upon
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successful completion of this expert system, the entire substructure and superstructure units
would be covered in a series of subsequent projects. Meetings with the Panel of Users

confirmed the limited scope of the system.

3.4.3 Usage an Iness

Both panels were used to determine the expected usage and usefulness of the system.
As discussed previously, the purpose of the system was to serve as a training and problem
solving tool for young, as well as, somewhat experienced engineers and inspectors. The
system will be used by new engineers and inspectors more as a training tool. It is foreseen
that the system will be integrated into the established training procedure. In addition, these
engineers and inspectors will use the system as a reference and a problem solving aid as they
~ gain more experience. Once the system has been tested and successfully validated by the
bridge design office, it will be available in every field office and may be available to engineers
and inspectors outside of KDOT. The usefulness of the system is that the training side will
prevent errors from occurring and the problem side will reduce the time spent solving

relatively simple problems.

. 3.4.4 Target Audience and Expected End Users

Again, both panels were used to determine the target audience and expected end
users. It was decided that the system would be designed for a target audience with at least
five years of experience so that they are familiar with the construction terminology. Within

KDOT, this would be ET or ET Senior personnel. The expected end users as previously
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mentioned would be young and experienced engineers and inspectors.

3.4.5 Advantages and Benefits

There are two classifications of advantages and benefits; those of creating the expert
system. and those of using the expert system. The creation of an expert system has the
potential to provide better allocation of scarce resources, more consistent quality of solutions,
and improved personnel productivity and performance, leading to improved efficiency and
reliability at reduced cost. The benefit to KDOT is to utilize established expert system
technology to address the transportation needs of the State of Kansas. Particularly, the
creation of this expert system permitted continuity in the technology transfer of expert system
methodology from a research to a practical environment.

The use of an expert system designed as an expert consultant allows a novice or less
experienced person to learn from the interaction with the expert system. In this capacity, such
a system can be regarded as a training tool so that the learning person would not have to refer
to his supervisor, inspector, or senior designer every time there is a conflict or problem on the
job. For routine problems and typical situations that occur frequently, the expert system can
quickly recommend the correct solutibh. Experts can then devote their time to handle more
complicated problems and more complex situations. The use of an expert system has the
potential to achieve better and less costly design, construction and erection of highway

bridges to meet the needs of the people of Kansas.
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3.5 Knowledge Acquisition

Knowledge Acquisition entails extracting domain knowledge from the literature,
documentation of current procedures, and intervie\ys of the experts. Examples were
gathered from: (1) expert's questionnaires, (2) historical case records, and (3) simulated
results for hypothetical situations. About two third of these examples were used to develop
the problem-solution knowledge base and the remaining third were used to verify the system
performance. The knowledge included in the training knowledge base was extracted' from:
(1) interviews of the experts, (2) KDOT Construction Manual, (3) KDOT Bridge Design
Manual, and (4) KDOT Standard Specifications for State Road and Bridge Construction.

The domain knowledge extraction can be best described by a chronologic record of
this phase of the development. Figure 7 shows the time table for the domain knowledge
extraction. As shown, the knowledge was obtained from panel meetings followed by
interviews and concluded with additional panel meetings.

The first meeting of the Panel of Experts was held at an early stage of the project
(November 30, 1995). The knowledge acquisition objectives of this meeting were to identify
typical bridge construction problems and to plan for data collection. The discussion of the
seven experts covered a very broad area of bridge construction errors. Therefore, it was
decided that the best method for data collection would be for each member of the panel to
submit a list of previous or potential construction errors. The research team compiled the list
and identified overlapping items from each list as shown in Figures 8, 9, and 10. In addition,
the experts submitted reports from past cases. These cases were also compiled by the

research team and are shown in Appendix E.
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SUBSTRUCTURE
IDENTIFIED BY®
CKE POSITION:
CKE Out of Line
CKE Not on Station
CKE Out of Plumb
oKE SpanlengthDeviaon
CKE Final Elevation
KFM FOUNDATION:
KFH Piling
KFHCKERBT Location
KFHCKE/RBT Orientation
KFHCKE/RBT Batter
KFH Capacity
KFHCKE Minimum Penetration
CKERBT Bearing
KFH _Spread Footing
KFH Overbreakage
CKE Void Detection
RBT Location
KFH Raiseflower footing
KFHRBT Fissures/seams
KFH Location
KFH Drilled Shaft
KFH Location
KFH Rock Socket
H Wet/Dry Placement
KFH Debris
KFHRBT Water inflow
KFH Cofferdams
KFH Design calc. & details
KFHRBT Seal
KEWRET Water inflow
KFH Removal
KFH ABUTMENTS:
KFHRBT Location
KFH Drainage
KFH Backfill Compaction
WFH COLUMNS:
KFH Location
KFH Reinforcement
KFH Splices .
KFH Construction Joints
KFH PIER CAPS:
KFH Location of Bearing
KFH Edge Distance
KFHCKE Eccentric Loading
RBT Set without regard to Temperature
KFHCKE Elevation on Bearing
KFHRET Pre-formed/Cast-in/Drilled anchor boit holes

Frequency |

s
4

AN

L4
4

v/
/

Y
SIS

*CKE: Chare K. Elis, KFH: Ken F. Hurst, RBT: Robert B. Thom

Figure 8. Potential Substructure Construction Errors
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SUPERSTRUCTURE Frequency
IDENTIFIED BY*
CKE TOLERANCE STACKUP:
CKE Span Deviations Ve
CKE Total Length Variations
CKE Stiffener Variations in Relation to Bearing v
CKE Finish Girder Elevation
CKE Shear Stud Clearance in Deck
CKE To Top of Deck
CKE To Bottomn of Deck
KFH TYPES:
KFH Cast-in-Place
KFH/RBT Falsework/Formwork v
KFH Placement Sequence
KFH Camber
KFH Equipment Breakdown/header location
KFH Prestressed Concrete
KFH Shop Drawings/Erection
KFH Structural Steel VL L4
KFH Shop Drawings/Erection Ve
KFHRBT Botting L4
KFH Stud Length v
KFH Fillet Depth
KFH Post-Tensioned
KFH Shop Drawings/Erection
KFH Falsework/Erection Sequence
KFH DECKS:
KFH/CKE Profile Tolerance
KFH/CKE Cross-siope Tolerance
KFH Curing Time
KFH Construction Live Load
CKE Minimum Thickness
CKE Rebar Clearance
KFH EXPANSION JOINTS: v
KFH Profife Transition
KFH Geometric Fit-up Y
KFH RAILS:
KFH ~ Geometric Tolerances
KFH Guardrail Attachment

*CKE: Charlie K. Eflis, KFH: Ken F. Hurst, RBT: Robert B. Thom

Figure 9. Potential Superstructure Construction Errors
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{IDENTIFIED BY"

KFH
KFH
KFH
KFH
KFH
KFH

KFH

KFH
KFH
KFH
KFH
KFH

KFH
KFH
KFH

KFH
KFH
KFH

MISCELLANEOUS STRUCTURES

MSE & RETAINING WALLS:
Foundation

Backfill

Drainage

Compaction

Location/Alignment Tolerance

CULVERTS:
Foundation Stabilization

Construction Joints

Falsework/Formwork

P/C Joint

Flowiine Tolerance

Location Tolerance

OTHER:
Light Towers

Signing Structures

Location

Location
Elevation

Frequency

*CKE: Charlie K. Eilis, KFH: Ken F. Hurst, RBT: Robert B. Thom

Figure 10. Potential Miscellaneous Construction Errors
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The second meeﬁng of the Panel of Experts was held about five weeks later (January
4,1996). This meeting concentrated on identifying the scope and boundaries of the system.
The list of potential construction errors and the submitted case histories were used to identify
the most critical errors. Figures 11 and 12 show the distribution of cases for the substructure
and the superstructure. Of the forty-two cases _that were submitied, twenty three of those
cases were related to the substructure and nineteen to the superstructure. Of those cases
related to the substructure, seven concerned the pier footings. It was beginning to become
evident by the frequency of the cases submitted that pier footings should be the scope of the
project. In addition, the experts identified the substructure and especially the pier footings
as the most critical error in the construction phase. If errors occur during the construction
of the pier footings, construction on that pier is stopped until a solution for that error can be
determined. This results in a loss of time and money for the contractor as well as the State
of Kansas. Worse yet, if those errors are not properly identified and corrected, they are
covered and may not be discovered until errors arise in the superstructure construction or
until the performance of the bridge is questioned. Therefore, the efforts of knowledge
acquisition concentrated on pier footings from that point. The next step was to identify the
areas within pier footings to be covered. A preliminary flow chart of the expert system was
developed. This flow chart was used to identify and address hypothetical cases during the
panel meetings and interviews. It was revised many times and Figure 13 shows the final
version of the flow chart. As can be seen from the chart, the pier footing expert system
covers pile footings, pile bents, spread foqtings, and cofferdams. Drilled shafts weré excluded

from the system scope at this time because there is enough information within the
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specifications on drilled shafts and because of the limited time frame of the project.

The Panel of Users were used as a secondar_y source of knowledge. The first meeting
with this panel was held on January 12, 1996. This meeting was used to expand on the
information gathered from the Panel of Experts. The flow chart was examined and revised.
As a side note, several terminoloéy differences between design and construction .were
identified. It is interesting to note that "short" does not mean the same to a construétion
engineer as to a design engineer. The first flow chart had identified either "short" or "long"
pile as being one of the considerations for the pile footing problem solution module. The
Panel of Experts defined a short pile as a pile that is fifteen to tweﬁty feet long, and a long pile
as a pile that is more than twenty feet long. However, during the -discussion at the Panel of
Users it was obvious that this definition was not what they use. Short was defined by the
construction engineers to mean that if a pile was to be driven to a certain depth (for example
35 feet) and in reality the pile could not be driven that much (say 25 feet), then the pile is
considered short. So it was interesting to note the terminology differences that could make
discussion between field engineers and bridge design engineers misleading. Only meetings
of this type allbw these differences to be identified and clarified.

The next step in the domain knowledge extraction was to interview members of both
panels. Eight of the fourteen panel members were interviewed and each interview lasted
between two and four hours. These interviews were used to further refine the flow chart, to
compile a list of terms and definitions, to collect additional problem cases, and to determine
the training module topics.

The other source of knowledge was the current literature and documentation in the
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field of construction. Information on pier footings was compiled from the KDOT
Construction Manual, Bridge Design Manual, and Standard Specifications for State Road and
Bridge Construction. All of the extracted knowledge was classified and documented with the
appropriate reference and section number in that reference.

This knowledge and a preliminary prototype were then presented during joint
meetings of the panels (February 19 and 26, 1996). These meetings served to eliminate
contradictory information and to allow the panel members to come to a consensus on several
construction error tolerances. In addition, the preliminary prototype was evaluated. The
prototype evaluation will Be discussed in the following section. The final representation of
the knowledge that was used for the knowledge engineering is shown in Table 5 through

Table 8.
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REPAIR 10: | The hofizontal misiocation of the pile is within the Speciications 704.04d. Tn addition, the mislocation
does not create an edge distance or a pile spacing problem.

Consult District Construction Engineer for any additional recommendations.

REPAIR 11. |The horizontal misfocation of the pile and the edge distance are within the specifications. However, the
mislocation created a pile spacing problem. Consult the District Construction Engineer for the appropriate solution.

REPAIR 12. | The horizontal mislocation of the pile and the pile spacing are within the specifications. However, the
mislocation created an edge distance problem. Consult the District Construction Engineer for the appropriate solution.

REPAIR 13. | The mislocation of the pile is within specifications. However, the mislocation created a pile spacing
and edge distance problem. Consult the District Construction Engineer for the appropriate solution.

REPAIR 14 | The mislocation of the pile is not within specifications. However, the pile spacing and edge distance
specifications have been met. Consult the District Construction Engineer for the appropriate solution.

REPAIR 15. |The mislocation of the pile is not within specifications. Due to this mislocation the pile spacing
specification has also been violated. However, the edge distance specification is met.

Consult the District Construction Engineer for the appropriate solution.

REPAIR 16. | The mislocation of the pile is not within specifications. Due to this mislocation the edge distance
specification has also been violated. However, the pile spacing specification is met.
Consult the District Construction Engineer for the appropriate solution.

REPAIR 17: {The mislocation of the pile, the pile spacing and the edge
distance specifications have all been violated.

Consult the District Construction Engineer for the appropriate solution.

REPAIR 18: [The mislocation of the pile is within the specifications. In addition, the mislocation does not create an
edge distance or a pile spacing problem.  Since the piles were suspected to have been deflected,
predrifling or jetting may be needed. '

Consult District Construction Engineer for any additional recommendations. -~
REPAIR 19. | The mislocation of the pile and the edge distance are within the specifications. However, the mislocation

created a pile spacing problem. Since the piles were suspected to have been deflected, predrilling or
jetting may be needed.
Consult the District Construction Engineer for the appropriate solution.

REPAIR 20:

The mislocation of the pite and the pile spacing are within the specifications. However, the mislocation
created an edge distance problem. Since the piles were suspected to have been deflected, predrilling
or jetting may be needed.

Consult the District Construction Engineer for the appropriate solution.

REPAIR 21:

The mislocation of the pile is within specifications. However, the mislocation created a pile spacing
and edge distance problem. Since the piles were suspected to have been deflected, predrilling

or jetting may be needed.

Consult the District Construction Engineer for the appropriate solution.

REPAIR 22

The mislocation of the pile is not within specifications. However, the pile spacing and edge distance
specifications have been met. Since the piles were suspected to have been deflected, predrilling

or jetting may be needed.

Consuit the District Construction Engineer for the appropriate solution.

REPAIR 23:

The mislocation of the pile is not within specifications. Due to this mislocation the pile spacing
specification has also been violated. However, the edge distance specification is met.

Since the piles were suspected to have been deflected, predrilling or jetting may be needed.
Consutt the District Construction Engineer for the appropriate solution.

REPAIR 24:

The mislocation of the pile is not within specifications. Due to this mislocation the edge distance
specification has also been violated. However, the pile spacing specification is met.

Since the piles were suspected to have been deflected, predrilling or jetting may be needed.
Consult the District Construction Engineer for the appropriate solution.

REPAIR 25;

The mislocation of the pile, the pile spacing and the edge

distance specifications have all been violated.

Since the piles were suspected to have been deflected, predriliing or jetting may be needed.
Consult the District Construction Engineer for the appropriate solution.

Table 7. Pile Footing and Pile Bent Repair Procedures:
Horizontal Location Problems
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3.6 Knowledge Engineering

Knowledge engineering entailed structuring the system knowledge-bases by using an
expert system shell. Level5 Object was used to define the needed attributes, attribute types,
and final goals; model the knowledge representation and create the decision trees; construct
the production rules, "when-needed" and "when-changed" methods, demons, and user
interfaces. An iterative development was necessary to achieve the desired performance. This
required a series of successive refined prototypes derived from the previous prototypes and
modified based on testing with additional example cases and revisions from the domain

experts.

3.6.1 Level5 Obiect Expert System Shell

Level5 Object was used successfully for the previous expert system design project and
was therefore the expert system shell used for this project. Specific information on the
selection process can be found in (Hess & Roddis 1994; Melhem et al. 19 94). LevelS Object
is a rule-based expert system that can interface with other programs as well as call external
programs. It includes backward chaining, forward chaining and performs "when-changed"
and "when-needed" methods for rule firing. When-changed methods contain a sequence of
procedural statements that execute when an attibute's value changes. When-needed methods
contain a sequence of procedural statements used when determining an attribute's value. This
shell is one of the easiest systems on which to formulate rules with a graphical editor and a
windows interface. The program has a debugging feature that allows rule stepping or a

complete history of a session to be recorded. Several add-on packages include printing and
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saving capabilities and a means to include standard windows help files. Figure 14 shows the
procedures used in the development and modification of the expert system and the

corresponding Level5S Object facility used.

3.6.2 BCX Architecture

The Bridge Construction eXpert system was developed with future expansion in mind.
This project completed the pier footing submodule excluding coverage of drilled shafts. The
overall architecture of BCX is divided into three main modules, substructure problem
solution, superstructure problem solution, and training. The substructure and superstructure
modules are divided into submodules that cover a more specific area within the module topic
as shown in Figure 15. The training module was designed to cover the entire scope of bridge

construction.

3.6.3 Knowledge Representation

Using Level5 Object, the knowledge is represented by class-attribute-value triplets.
The relationship between»the attributes is represented by rules and demons which form the
logic of the expert system. User displays are created to obtain information from the users.
In order for the expert system to determine a solution to a given problem, goals for the
backward chaining inference engine are outlined in an agenda. The égenda lists attributes in
a numbered, hierarchical order for the inference engine to search.

The design of the expert system was separated into problem solution and training.

The problem solution submodule contains thirty-three attributes, thirty-five rules, thirty-six

62



PROCEDURE LEVELS OBJECT
Establish Goal Agenda editor
|
v
Define objects, attributes and
their compound items and Object editor
values
Develop when changed methods, :
rules, and demons for Rule editor
conclusion calls
1
v .
Develop user displays:
question/answer Display editor/
explanatory Object editor
conclusion/recommendation
|
b 4
Attach attributes, displays : :
Display editor/
d
an value/t.mswer boxes e Object editor
to displays
Test and modify Run command,
value list,
the system . ;
session monitor
|
v
Save Save knb file

Figure 14. Procedures Used in the Development and Modification of BCX °
and the Level5 Object Facility Used. (after Kaetzel et al. 1993)

63



demons, sixteen when-needed methods, and nineteen user interfaces. The training module
contains twenty-two attributes, six rules, six demons, eleven when-needed methods, and
eighty user interfaces. The text for the training module is contained in Appendix C and the

code for the problem solution submodule is contained in Appendix D.

3.6.4 Prototype Development

A preliminary prototype was developed and demonstrated to members of both panels
at the knowledge acquisition/preliminary testing and verification meetings (February 19th and
20th). The system was evaluated on functionality and user friendliness. Most of the features
of the preliminary prototype were accepted for final development. However, it was suggested
to remove some of the descriptive screens to allow the syétem to run smoother and quicker.
In addition, it was suggested to add file saving capabilities so that users in the field on a
laptop computer without a printer could obtain a hard copy when they go back to the office
or at a later time. The preliminary prototype was refined and modified to represent the final
system. This system was tested during the testing and verification meetings discussed in

Section 3.7.
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3.7 Testing and Verification

The testing and verification phase of the development consisted of meetings that
included the research team, the Panel of Experts and the Panel of Users. During these
meetings, the system was demonstrated and its performance was discussed and evaluated
based on appropriate case studies. Feedback, comments, and corrections were incorporated
in the revised versions of the system when appropriate. |

The first testing and verification meeting was héld on April 23, ‘1996. Several
members of both panels were present. The objectives of this meeting were to demonstrate
the final prototype and allow the members present to run example cases and test the results
the system was providing and run the training module to determine its effectiveness. One or
two members actually sat at a computer and used the system as an expected end user would.
The specific results of the test cases run are discussed in Section 4.2 Testing and Verification
Results. At least one more testing and verification meeting will be scheduled to include

representative end-users.

3.8 Project Evaluation and Documentation

The final phase of the development is to evaluate the overall project and to document
the development and results. The overall project evaluation will be completed at the project
termination date. At that time, all the documentation will be compiled and presented to

KDOT in the final report.
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4.0 BCX Performance

The Bridge Construction eXpert system was designed to resemble the Bridge
Fabrication eXpert system (BFX) currently in place at KDOT." It starts with the main menu
shown in Figure 16. The user has the option to run the substructure or the superstructﬁfe
module. The user must then detérmine whether to run a problem or to look at the training
information.

The problem solution submodule can be run using a database input file or by user
input as prompted by displays. Either method will result in the expert system searching the
agenda for the goal or goals to be determined. The inference engine is led by the order of
these goals within the agenda. The expert system tries to obtain the information through user
input or database input to prove the first goal. If the first goal is disproved, the second goal
is tried and the process continues until a goal is pro.v.en. The goals of the pier footing expert
system are the recommendations for a given problem. As the user inputs data relative to their
specific problem or as the databaée file is read, the premises to the goals are searched in order
to determine the final goal of this problem. The objective of this expert system was to
recommend no solution rather than an incérrect solution. Therefore, if the user input does
not match the premises of any goals, the expert system concludes that either enough
information has not been given or the problem given is not covered. The conclusions and
recommendations for the given problem are shown to the user in the final display as shown
in Figure 17. This screen also allows the user to view a more descriptive picture or drawing,

view the input/output report, run a new problem, or quit. When the user views the-
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input/output report, they are given the option to print or save the report as shown in Figure
18. At any time during a run, the user can access help or switch to the training module.
The training module is far less of an actual expert system. It is more of a user
interactive training tool. The user has the option to run either a comprehensive tutorial, a
specific topic search, or a dictionary. The comprehensive tutorial leads the user through all
of the information within the training module. The comprehensive tutorial screen is shown
in Figure 19. As the figure shows, the user can page through the information by using the
forward and backward buttons on the lower left hand side of the screen. In addition, they can
print a topic, view a more descriptive picture or drawing, get help, access the dictionary
(curréntly by selecting help), or switch to the specific topics search. The specific topics
search.allows the user to select a topic to view and keeps track of what the user has already
viewed. The specific topics search screen is shown in Figure 20. By selecting a specific topic
to view, the user is placed in the comprehensive tutorial at the position of the topic chosen.
As Figure 20 shows, the training module covers pile footings, pile bents, spread footings, and
cofferdams. Each topic contains a definition, things to keep in mind, expert's advice, potential
problems, and where to go for more information about the topic. In addition, a section entitle
what the specifications say was added to cofferdams; excavation and blasting were added to
spread footings; and pile driving and test piling were added to supplement pile footings/pile
bents. The text for the training module can be found in Appendix B. The dictionary option
allows the user to view a standard windows help file that contains all the definitions of terms

used within the training module. The dictionary was formatted as a help file so that hypertext

could be utilized.
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4.1 Problem Solution Submodule Example Case

This section walks through an actual construction error example showing how BCX
gathers information about the case and then uses the information to match the case with the
most suitable repair solution. The problem is with a pile footing construction on an grade
separation bridge. The piles were specified on the plans to be driven to a depth of 75 feet.
However, in the field the piles reached bearing capacity after only being driven to 65 feet.
Therefore, the pile is not obtaining adequate penetration. The Bridge Construction eXpert
system is consulted to determine a repair recommendation.

BCX begins with the main menu display as shown previously in Figure 16. The user
selects substructure and is then asked whether a problem solution case will be run or whether
the training module should be started. The problem solution is selected and the user is now
asked a series of questions about the particular problem. The query screens are shown in
Figure 21 with the user answers. Query screens are used by BCX to prompt the user for
information by presenting several questions on each display screen. This allows the user to
answer several questions on each display and decreases the run time per session. The user
is not required to answer all the question on each query screen. For example, the user did not
have to answer all the questions on the sixth screen. If information that is needed is not
answered by the user, BCX prompts the user again for the information. The information
obtained from the user is used to match the goals in the agenda. When a match is found, a
repair solution is given to the user. If no match is found, the program first asks the user if all
the information about the problem has been input. If all the information has been input, the

system informs the user that no match was found with the given information. The
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recommended repair for this problem is shown in Figure 22. By pressing the Why? button,
the user can now see the logic used by the system to determine the recommended repair. This
is shown in Figure 23. Rule 29 in the agenda matched the input from the user and repair 29
was given. The user can now view the output report and save or print that report, view a

descriptive drawing of the repair recommendation if applicable, run a new problem, or quit.
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4.2 Testing and Verification Results

The performance of the final prototype was tested during a testing and verification
meeting (April 23, 1996) with several members from both panels as described in Section 3.7
Example cases similar to the one describe in Section 4.1 were run by the members present.
These cases were used to validate and verify the knowledge contained within the problem
solution submodule. In addition, the panel members evaluated the performance and contents
of the training module.

The meeting was divi_ded into two sessions, one in the morning and one in the
afternoon. During each session, one or two members sat at a computer and ran test cases on
the system. Ninety such cases wer-e run during the two sessions. The results of the test cases
are shown in Figure 24. As the figure showé, the repair recommendation was correct 80
percent of the time. Simple logic errors were found within the pile footing and pile bent areas
of staking, drift, and boulder deflection. Therefore, the repair recommendation was incorrect
20 percent of the time because of a logic error. However, correcting the logic error results
in a correct repair recommendation 100 percent of the time. No test cases were run that
resulted in a no match or a incomplete repair. The training module contents were examined
by the members for errors and for missing information. It was found correct and complete.
However, a number of suggestions were made to improve the wording in several instances.

The text of the training module can be found in Appendix B. |
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VALIDATION AND TESTING
PANEL TESTING SESSION EVALUATION RESULTS

NOTE: Values are averages of panel member responses.

Rate the performance of the program on a scale of1to5. .
(1) is Poor  (2) is Below Average (3) is Average (4) is Good  (5) is Very Good

Screens:
1. Please give your impression of the following screens and give any comments:

Main Menu_4.2 Conclusions and Training Text_4.0
Recommendations_3.8-

Submodule Menu_ 4.2 Specific Topics_4.2
Output Report_4.2

Query_4.0

2. Is the sequence of the query screens well organized? __4.0

Program:

3. Did the performance of the system meet your expectations? _4.0

4. What is your overall confidence in the repair recommendations? __4.0

5. What is your overall impression of the system? 3.9

Figure 25. Panel Testing Session Evaluation Results
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After approximately two hours of using the system, the panel members were asked

to evaluate the system. The compilation of the evaluations is shown in Figure 25. The
members rated the performance of the system on a scale of 1 to 5: (1) is Poor, (2) is Below
Average, (3) is Average, (4) is Good, and (5) is Very Good. As shown in Figure 25, the
average evaluation of the screens was between 3.8 and 4.2 and the sequence of the query
screens was felt to be well organized. The performance of the system was rated as 4.0 based
on the members' expectatio;ls of how the system would perform. The overall confidence in
the repair recommendations was rated as 4.0 after the corrections to the logic errors. Finally,
the overall impressions of the system was rated at 3.9.

A final testing and verification meeting will be scheduled on a future date. This
meeting will be with the members that were unable to be at the previous meeting. The
comments made by the members at the first meeting will be incorporated and the system will

be evaluated again.
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5.0 Conclusions and Recommendations

The Bridge Construction eXpert system has been developed following a specific
methodology tailored to deliver a system that addresses the real needs of the Kansas
Department of Transportation. By following a well-established development methodology,
the individual tasks of the project were clearly identified and could more easily be corﬁpleted.
The key to the success of this expert system research and past research for KDOT has been
the formation of panels of experts and users at the very beginning of the project. By inéluding
these individuals in the development process, the expectations of the system are known and
can be met. The panel of experts served as the primary source of knowledge and defined the
goals of the project. The panel of users serves as a secondary source of knowledge and
defined the user interface of the system.

The scope of the system was limited to pier footing construction errors excluding
drilled shafts. The scope was established to cover areas where little technical documentation
existed. By strictly limiting the scope, the final system completely covers the specified topics
rather than briefly covering many topics.

Knowledge for the system was acquired through case histories, expert interviews, and
current documentation in the area. It was found that many construction errors are never
documented. The error must be fairly severe to be documented. Therefore, the use of case
histories for the development was found to be unsuccessful. The majority of the knowledge
used for the development was acquired through meetings and interviews with the experts.

The rest of the knowledge was obtained from KDOT Standard Specifications, Construction
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Manual, and Bridge Design Manual.

The system was designed to resemble the existing expert system BFX. The Panel of
Users identified key components of BFX to rhaintain and additional features to add in the
development of BCX. The database interface was an added feature for BFX as well as BCX.
This option allows the user to use an existing database record as an input file. In addition,
all new cases can be saved to the database. This option provides a method to record all
construction errors that occur. In order to ease future expansion, the system was designed
in modules and submodules. This format allows the program to be easily maintained and
modified as future development occurs or future cases become available.

The testing and verification of the system has thus far been very successful. The repair
recommendations for the test cases run during the validation meeting were correct 80 percent
of the time. The remaining 20 percent were incorrect because of a simple logic error.
Therefore, by correcting the logic error, the system gives the correct repair recommendation
100 percent of the time. The system performance h.as met the expectations of the panel
members as shown by their evaluations of the system.

The development of this project has successfully continued expert system development
for the Kansas Department of Transportation. This system can provide better allocation of
scarce resources, more consistent quality of solutions, and improved personnel productivity
and performance which leads to improved efficiency and reliability at reduced cost. In
addition, the development goal has been met by creating a system that will provide not only
the. most suitable repair solution in a timely manner, but also adequate training in order to

prevent future errors from occurring. The benefit to KDOT is that established expert system
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technologies were utilized to achieve better and less costly construction and erection of
highway bridges to meet the needs of the people of Kansas. Particularly, this project provided
continuity in the technology transfer of expert system methodology from a research to a
practical environment. In addition, the development of this expert system has brought
together design engineers, construction engineers, contractors and field inspectors. The
meetings, discussions, and interviews have helped these individuals to not only identify, but
also resolve the differences between their respective ways of looking at the same problem.
As KDOT lacks a construction guide that should address construction errors, this system has
helped bridge the gap between the different people that are involved in the various tasks of
the same project, and set a unified procedure and practice that they all have been able to agree
upon.

Future research should address the continuation of this project to expand the scope
to include all of bridge construction errors. This should be accomplished in several short term
projects with limited scopes. In this manner, all topics can be completely addressed by the
system. In addition, other candidate applications should be explored. Those could include
new ideas as well as those generated at the beginning of this project. These projects should
also be developed over a short period of time with limited scopes. The established
development methodology will allow this future research to meet the mission and needs of

the Kansas Department of Transportation.
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Agenda A means for organizing goals in an expert system.

Algorithm A set of step-by-step instructions for accomplishing a task.
Antecedent A condition in a rule's premise. (also see premise) -

Artificial intelligence A field of study in computer science that pursues the goal of making
a computer reason in the same manner as humans.

Attribute A property of an object.

Backward chaining An inference control strategy. In a rule-based system, backward
chaining begins with a goal and tries to prove it to be true by proving the premises of a rule
that contains the goal as its conclusion. The premises of this rule are considered "subgoals,"
which the system tries to prove are true by pursing other rules that contain the subgoals as
conclusions.

Class A collection of objects that share common properties.

Common sense A general source of knowledge that humans possess on solving real-world
problems obtained through experience.

Consequent The conclusion of a rule.

Consistency Property of a system of rules where all deductions are logically consistent.
Declarative knowledge Descriptive or factual knowledge.

Demon A procedure activated by the cfxanging or accessing of a given slot value.

Demon rule A rule that fires whenever its premises match the contents of the working
memory. In Level5 Object, demon rules use forward chaining as the control strategy.

Domain The problem area.

Domain expert A person who possesses the skill and knowledge to solve a specific problem
in a manner superior to others.

Expert system A computer program designed to model the problem-solving behavior of a
human expert.

Explanation Information provided to justify course of reasoning or conclusion.
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Fire To activate the conclusion of a rule if the premises are true.

Forward chaining Inference strategy where conclusions are drawn by first looking at the
facts or data on the problem In a rule-based expert system, forward chaining begins by
asserting certain facts, seeing what rules can fire based on these assertions, picking a rule to

fire, then cycling. This process is continued until a goal is reached or no additional rules can
fire.

Frame A knowledge representation method that associates an object with a collection of
features. Each feature or attribute is stored in a slot with a corresponding attribute value, or
method for acquiring the value.

Goal A hypothesis to prove in an expert system.
Heuristic Knowledge, often expressed as a rule of thumb, that guides the search process.
Hypertext The organization of information in nodes connected by associated links.

Inference engine Processor in an expert system that matches the facts contained in the
working memory and the domain knowledge contained in the knowledge base, to draw
conclusions about the problem.

Knowledge acquisition The process of acquiring, organizing, and studying knowledge.
Knowledge base Part of an expert system that contains the domain knowledge.

Knowledge engineer A person who acquires the domain knowledge, and builds and tests
the expert system

Knowledge representation The method used to encode knowledge in an expert system's
knowledge base.

Meta-knowledge Knowledge in an expert system that explains how the system is controlled
or reasons. Knowledge about knowledge.

0-A-V Object-attribute-value.

Object A physical or conceptual item that has a collection of related attributes that describe
it.

Premise A statement in the IF part of a rule that must be satisfied before the rule's conclusion
is accepted. (also see antecendent) '
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Reasoning The process of working with knowledge, facts and problem-solving methods to
draw conclusions or inferences.

Rule A method of representing knowledge consisting of premises and a conclusion.
Rule-based system A computer program that processes problem-specific information
contained in the working memory with a set of rules contained in the knowledge base, using

an inference engine to infer new information.

Rule of thumb A rule based on good judgment, gained from experience rather than first
principles. ’

Rule set A set of rules that relate to some common concept or function.

Semantic network A method of knowledge representation using a graph made up of nodes
and arcs, where the nodes represent objects and the arcs the relationship between the objects.

Shell An expert system development package that has all the facilities for building an expert
system minus the domain's knowledge.

User Interface Expert system component that handles communications between the system
and its user. :

Validation An evaluative activity that ensures that the software functions and contains the
features prescribed by its requirements and specifications.

Value A quantity or quality that describes an attribute.

Verification An evaluative activity that ensures that the software interacts properly with the
system and performs its specified function.

Working memory That part of an expert system that contains the known facts of a given
session with an expert system.
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Appendix B - Training Module Text
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Titles [1 ] := "Comprehensive Tutorial"

Subtitles [1 ] ;= "Introduction”

Text [1 ] := "Welcome to the Bridge Construction Training System. This system was
developed to help young inspectors and engineers gain knowledge that is typically gained only
through experience. The information in this system was obtained from "experts” in the

construction field.
The figure to the right defines the features of this screen.”

Titles [2 ] := "Comprehensive Tutorial"

Subtitles [2 ] := "Introduction"

Text [2 ] ;= "The comprehensive tutorial covers the following topics in order:
Cofferdams

Spread Footings

Pile Footings/Pile Bents

In each topic, the following areas may be covered:
Text

What The Specifications Say

Things to Keep in Mind

Expert's Advice

Potential Problems

For More Information”

Titles [3 ] := "Cofferdams"

Subtitles [3 ] := "Definition"

Text [3 ] := "A cofferdam is a substantially water tight enclosure which will permit the
construction of the substructure in the dry and without damage to the work. A cofferdam
may be constructed with many building materials in many ways. The three most common
ways are the earth-dike cofferdam, the steel sheet pile cofferdam and a well-point system.

Earth Dike Cofferdam:

The earth dike cofferdam is commonly used where the depth of the water is fairly shallow and
sound earth is available at the bridge site. Assuming the above conditions are present, the
earth dike cofferdam is probably the most economical of all the methods, particularly where
more than

one unit may be enclosed with a single earth dike.

Steel Sheet Piling Cofferdam:

The steel sheet piling cofferdam is usually constructed around a template made up of large
timbers, H-piling or tube piling which serves as bracing when the enclosed area is de-watered.
(KDOT Construction Manual Section 4.03.06)"
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Titles [4 ] := "Cofferdams"

Subtitles [4 ] := "What the Specifications Say"

Text [4 ] := "Suitable and practically watertight cofferdams shall be used whenever
water-bearing strata are encountered above the elevation of the bottom of the excavation.
They shall be sufficiently large to give easy access to all parts of the foundation form and shall
be of dimensions not less than those for which payment for excavation is made.

Cofferdam Construction:

Cofferdams shall be sunk to a depth well below the bottom of the excavation or to an
elevation as near the bottom of the excavation as foundation conditions will permit; shall be
substantially braced in all directions, and of such construction as will permit them to be
pumped free of water, and kept free until the concrete has been placed. They shall be such
that leakage can be kept out of the concrete or masonry area. Unless otherwise shown on the
Plans or agreed upon cofferdams and all sheeting or bracing shall be removed after the
completion of the concrete or masonry.

(KDOT Standard Specifications For State Road and Bridge Construction, Section 207.03)"

Titles [5 ] := "Cofferdams”
Subtitles [5 ] := "What the Specifications Say"
Text [5 ] := "Seal Courses:

When the bottom is of sandy or porous material which will not permit the footing to be
poured in the dry, it shall be sealed up to the bottom of the footing elevation with the type of
concrete specified for the footings so that it may be pumped dry. Other satisfactory methods
of sealing out the water may be approved. Under ordinary circumstances the cement conterit
for the seal concrete shall be increased approximately ten percent and the slump of the
concrete shall be approximately 150 millimeters (6 inches). A seal course shall not be used
unless shown on the Plans or authorized in writing by the Engineer. If the necessity for a seal
course is due to inadequate or improper cofferdam construction, the Engineer may order the
removal and/or reconstruction of the cofferdam, or permit the placing of a seal course at the
Contractor's expense. After the seal course has set, the cofferdam shall be cleared of water
and work completed in the dry.

(KDOT Standard Specifications For State Road and Bridge Construction, Section 207.03)"
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Titles [6 ] := "Cofferdams"
Subtitles [6 ] := "What the Specifications Say"
Text [6 ] := "Massed (Weighted) Cribs:

When massed (weighted) cribs are employed and the mass (weight) utilized to partially
overcome the hydrostatic pressure acting against the bottom of the foundation seal, special
anchorage such as dowels or keys shall be provided to transfer the entire mass (weight) of the
crib into the foundation seal.

(KDOT Standard Specifications For State Road and Bridge Construction, Section 207.03)"

Titles [7 ] ;= "Cofferdams"

Subtitles {7 ] := "Things to Keep in Mind"

Text [7] :="a. The cofferdam is a working tool of the

Contractor. The Contractor is responsible for its design and construction.

b. The cofferdam should be constructed so that it does not seriously hinder navigation or the
flow of the river.

c. It's design should be adequate to provide a safe working area.

d. The cofferdam, where required to protect adjacent property or roadways, should be "soil-
engineered", and reviewed by the Field Engineer to insure its adequacy and stability with
proper wales and bracing.

e. The contractor is required, whenever asked by the Engineer, to submit sketches of the
proposed cofferdam for review.

(KDOT Construction Manual Section 4.03.06)"

Titles [8 ] := "Cofferdams"

Subtitles [8 ] := "Expert's Advice"

Text [8 ] :="a. Steel generally doesn't fail suddenly - watch for impending failure.

b. Watch for twisting - the cofferdam may not be properly stiffened.

c. IfaP.E. seal was required for cofferdam design, the inspector should make sure that it
is constructed accordingly.

d. Ifthe sheets are not deep enough, the water will seep in underneath or the sheet pile could
blow in.

e. Permits may be required for construction of the cofferdam."
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Titles [9 ] := "Cofferdams "

Subtitles [9 ] := "Potential Problems "

Text [9 ] := "Leakage in Steel Sheet Pile Cofferdam:
A. Cause:

The sheet pile may not be driven deep enough.
Solution:

Check plans for specified depth, splice if necessary

B. Cause:

Seal course may be needed.

Solution:

Seal course should not be used unless shown on the plans or authorized in writing by the
Engineer. "

Titles [10 ] := "Cofferdams "

Subtitles [10 ] := "Potential Problems "

Text [10 ] := "Leakage in Steel Sheet Pile Cofferdam:

C. Cause:

Improper placement of seal course

Solution:

Check plans and specifications.(See KDOT Standard Specifications For State Road and

Bridge Construction, Section 207.03)

D. Cause:

Small gaps in sheet pile joints.

Solution: :

Drop fine cinders into the water outside the cofferdam or place hay or straw around the
outside at the points of the leakage.

(KDOT Construction Manual Section 4.03.06)"

Titles [11 ] := "Cofferdams "
Subtitles [11 ] := "Potential Problems "
Text [11 ] := "Leakage through or under an Earth Dike Cofferdam:

Solution:

It is a good idea to pump the enclosed area and let the dike stand for a few days before taking
drastic action to stop the leaks, because many times the leaks will seal themselves. If leakage
of water continues, it can usually be stopped or slowed by the use of well points or by driving
steel sheet piling in the badly leaking areas.

(KDOT Construction Manual Section 4.03.06)"
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Titles [12 ] := "Cofferdams "
Subtitles [12 ] := "Potential Problems "
Text [12 ] := "Horizontal Mislocation

Causes:
Staking error
Drift

Solutions:
Check plans to see if mislocation will interfere with the placement of the footing.

If interference will cause the footing to be mislocated by less than 300 mm(1 ft):
May be able to pour the footing against the cofferdam.

May be able to shift the footing and reinforcing steel. However, the correct position of the
column must be maintained.

If interference will cause the footing to be mislocated by more than 300 mm(1 f):

Call the District Engineer."
¥

Titles [13 ] := "Cofferdams"

Subtitles {13 ] := "For More Information: "

Text [13 ] := "*KDOT Construction Manual, Section 4.03.06.

*Standard Specifications for State Road and Bridge Construction, KDOT, Section 207.03a."

Titles [14 ] := "Spread Footing: "

Subtitles [14 ] := "Definition"

Text [14 ] := "Footing founded directly on a formation(i.e. shale, limestone). As a KDOT
policy, spread footings are not founded on soil.

(Bridge Design Manual, II1.D.1.1)."
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Titles [15 ] := "Spread Footing: "

Subtitles [15 ] := "Excavation:"

Text [15 ] := "Before the structure excavation has begun, adequate elevations or cross
sections of the site must be obtained. This is needed so that the quantity of Excavation for
Structures' can be accurately determined; however, prior to taking such elevations or sections,
the Field Engineer or coordinator should review the plans to determine the limits for the
structure excavation. (KDOT Construction Manual, Section 4.03.05)

The foundation pits shall be excavated according to the outlines of the footings as shown on
the Plans and shall be of sufficient size to permit the placing of the full widths and lengths of
the footings shown with full horizontal beds. Rounded or undercut corners and edges of
footings will not be permitted.

(KDOT Standard Specifications For State Road and Bridge Construction, Section 207.03)"

Titles [16 ] := "Spread Footing: "

Subtitles [16 ] := "Excavation:" _
Text [16 ] := "Normally the excavation should be carried to the elevation of the footing
shown on the plans. A possible exception would be in the event that a satisfactory foundation
in rock can be secured at a higher elevation. It is desirable on a stream crossing that the
footing be keyed into the rock or shale. Ifit appears that the footing elevation can be raised,
maintain a keyed depth of 150 mm (6 inches) in rock and 300 mm (1 foot) in shale as a
minimum.(KDOT Construction Manual, Section 4.03.05)

Where rock bottom is secured, the excavation shall be done in such a manner as to allow the
solid rock to be exposed and prepared in horizontal beds or properly serrated for receiving
the concrete. All loose and disintegrated rock and thin strata shall be removed.

(KDOT Standard Specifications For State Road and Bridge Construction, Section 207.03)"

Titles [17 ] == "Spread Footing: "

Subtitles [17 ] := "Blasting:"

Text [17 ] := "When blasting is necessary in any one pier or abutment after part of the
concrete is poured in a column of that pier or abutment, the size of the charge used shall be
limited to insure against damage to the previously placed portion of the structure.

(KDOT Standard Specifications For State Road and Bridge Construction, Section 207.03)"

Titles [18 ] := "Spread Footing: "

Subtitles [18 ] := "Things to keep in mind:"

Text [18 ] := "Always compare the material encountered at the footing elevation with that
shown on the plans. If the foundation material is not equivalent to that shown on the plans,
and thus on which the design was based, it may be necessary to revise the footing elevation,
increase the footing size, or redesign the unit. Assistance is readily available from the Bridge
or Geology Departments. Do not hesitate to consult the District Construction Engineer for
needed assistance. (KDOT Construction Manual, Section 4.03.05)"
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Titles [19 ] := "Spread Footing: "

Subtitles [19 ] := "Things to Keep in Mind."

Text [19 ] .= "NOT585 - FOUNDATION ROCK INVESTIGATION: The Contractor, in the
presence of the Engineer, shall drill at least one 1.5 to 2 inch diameter probe hole in each
footing location to penetrate the bedrock a minimum of 4ft. below the floor of the footing.
If a cavity or otherwise incompetent zone is detected in the bedrock below the footing, the
footing will be revised to ensure a competent footing.

NOT625 - FOOTING EXCAVATION: When rock or shale is encountered, all excavation
below the top of this material or the top of the footing, whichever is lower, shall be to neat
lines. No side forming will be permitted below the top of the rock, or shale, or the top of the
footing, whichever is lower."

Titles [20 ] := "Spread Footing: "

Subtitles [20 ] := "Expert's Advice"

Text [20 ] := "If the footing is to be placed on shale, pour the footing as soon as possible after
excavation is completed. Shale left exposed will deteriorate. "

Titles [21 ] := "Spread Footing: "
Subtitles [21 ] := "Potential Problems"
Text [21 ] ;= "Horizontal Location:
A. Cause:

Mislocated cofferdam

Solutions:
If interference will cause the footing to be mislocated by less than 300 mm(1 ft):
May be able to pour the footing against the cofferdam.

May be able to shift the footing and reinforcing steel. However, the correct position of the
column must be maintained.

If interference will cause the footing to be mislocated by more than 300 mm(1 ft):
Call the District Office."
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Titles [22 ] := "Spread Footing: "
Subtitles [22 ] := "Potential Problems"
Text [22] :="B. Cause: Mislocated excavation

Solution:
Treat as Overbreakage - place footing in correct location, fill unnecessary excavation with

concrete."

Titles [23 ] := "Spread Footing: "

Subtitles [23 ] := "Potential Problems"

Text [23 ] :="Vertical Location

A. Cause:

Encounter bedrock at a higher elevation than anticipated.

Solution:
If bridge is over a stream, the footing elevation was determined based on scour.

Bottom of footing should be placed a minimum of 1.8m (6 ft) below stream bed.
(Bridge Design Manual, I11.D.4.2).

Could possibly shorten column. However, a shorter column can cause problems if the
superstructure needs to move. Be sure to maintain lab lengths.

If bridge is not over a stream, the footing could be raised and the column shortened."

Titles [24 ] := "Spread Footing: "
Subtitles [24 ] := "Potential Problems”
Text [24 ] := "Vertical Location

B. Cause: A
Unsound Material/Bedrock at a lower elevation than anticipated.

Solution:
Drill a pilot hole to determine the depth to sound material.
If less than 450 mm(18 inches):
- Excavate to sound material.
- Maintain the footing minimum embedment of 150 mm (6 inches) in rock
and 300 mm (1 ft.) in shale(KDOT Construction Manual, Section 4.03.05).
-Thicken the footing. '
_Place reinforcing steel mat at the elevation of the plans.

If more than 450 mm(18 inches):
-Call District Construction Engineer."
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Titles [25 ] := "Spread Footing: "
Subtitles [25 ] := "Potential Problems"
Text [25 ] := "Vertical Location
C. Cause:

Fissures

Solution:
If fissures are encountered at footing elevations, all loose material shall be removed to a solid
condition and the fissures shall be backfilled with concrete.

Overbreakage:
Cut to neat lines, fill with concrete. "

Titles [26 ] := "Spread Footing: "

Subtitles [26 ] := "For More Information:"

Text [26 ] := "*KDOT Construction Manual, Section 4.03.05.

*KDOT Standard Specifications For State Road and Bridge Construction, Section 207.03"

Titles [27 ] := "Pile Footing/Pile Bent: "
Subtitles [27 ] := "Definition"
Text [27 ] := "Footing supported by piles driven to a formation or to a friction bearing value.

Piling is considered when the subsurface conditions are not suitable for spread footings to be
used. Since it is KDOT's policy to construct spread footings only on a rock foundation, the
use of piling is quite prevalent. Piles are also used as protection against scour.

For a pile foundation to perform satisfactorily, the designer must study and evaluate carefully
the properties of the pile materials and the foundation materials around and beneath the piles
to determine the proper pile type and length. The Geology Report makes recommendations
as to the type and size of pile, pile tip elevation and allowable loads."

Titles [28 ] := "Pile Footing/Pile Bent: "

Subtitles [28 ] := "Definition"

Text [28 ] := "Piles may be classified in two main types, point bearing or friction. Realistically,
there is usually friction on any pile and some point bearing at the pile tip. However, a pile
that receives the majority of its support from soil near its tip is a point bearing (end bearing)
pile, and a pile that receives the majority of its support by friction from the soil along its shaft
is referred to as a friction pile.

(Bridge Design Manual, II1.D.5)"
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Titles [29 ] := "Pile Footing/Pile Bent: "

Subtitles [29 ] := "Shell Pile"

Text [29 ] := "Cast-in-place pipe pile are considered as displacement (friction) type pile.
Closed-end pipe piles are formed by welding a watertight plate on the end to close the tip end
of the pile. The shell is driven into the foundation material to the required depth and then
filled concrete. Thus both concrete and steel share in supporting the load. After the shell is
driven and before filling with concrete, the shell is inspected internally its full length to assure
that damage has not occurred during the driving operation. Pipe pile may be either spiral or
longitudinally welded or seamless steel. Pipe piles are normally used in foundation footings.
Their use for aboveground pile bents is not recommended.

(Bridge Design Manual, II1.D.5)"

Titles [30 ] := " Pile Footing/Pile Bent: "

Subtitles [30 ] := "H-Pile"

Text [30 ] := "Steel piles are generally used for point bearing piles and commonly utilize the
HP-section. H-piles are available in many sizes and lengths and are relatively easy to splice
by welding. H-piles are well adapted to deep penetration and close spacing due to their
relatively small point area and small volume displacement. They can also be driven into dense
soils, coarse gravel and soft rock without damage. In some foundation materials, it may be
necessary to provide pile points to avoid damage to the pile.

Exposed steel piles are subject to corrosion and deterioration; however, steel piles embedded
in undisturbed material where little free oxygen is present are generally not subject to severe
corrosion. Steel near the surface will corrode forming a coating that inhibits further
corrosion. Steel piles extending above ground or waterline are subject to corrosion at the
contact line due to action of surface water, organic topsoil and oxygen. In this case, piles
should be protected by concrete encasement a minimum of 600 mm (2 ft.) below, to about
600 mm (2 ft.) above water or ground line. The piling above this point should be protected
as specified for structural steel. In active stream channels, the Engineer should consider the
likelihood of stream bed migration when encasing steel piling.

(Bridge Design Manual, IIL.D.5)"
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Titles [31 ] := "Pile Footing/Pile Bent:

Subtitles [31 ] := "Prestressed Pile"

Text [31 ] := "Pre-cast prestressed concrete piles are used mainly as friction piles, but have
occasionally been used as bearing piles. These piling are cast square or octagonal in shape.
Prestressing induces compression in the piie which eliminates open cracks and permits
sustained bending stresses. It aiso neutralizes the tensiie stresses which can develop under
certain driving conditions. The stressing steel is encloser in a conventional spiral. Lengths
are governed by the amount of prestress in the pile and the number of pick-up points. The
maximum length of a single prestress pile should not exceed 27 m (90 ft.). Splices are not
recommended in prestressed pile because of the difficulty of construction a good joint.

(Bridge Design Manual, IIi.1.5}"

Titles [32 ] := "Pile Footing/Pile Bent: "

Subtitles [32 ] := "Pile Points:"

Text [32 ] := "Pile points are available for most types of piles. The Geology Report may
specify pile points at some sites to obtain a desired penetration or to penetrate existing
obstructions in the alluvium. All points should be cast steel. Points are manufactured in
various configurations to suit the driving conditions.

(Bridge Design Manual, IIL.D.5) "

Titles [33 ] := " Pile Footing/Pile Bent: "

Subtitles [33 ] ;= "Wave Equation Analysis (WEAP):"

Text [33 ] := "With the advent of computers, wave equation programs are having a gradual
increase in use for determining the dynamic behavior of piles during driving. The wave
equation is based upon the theory of longitudinal wave propagation. The stress wave is
generated from the hammer impact on the pile head. The wave equation is useful in
determining: (1) pile capacity, (2) driving stresses, and (3) a compatible pile driving system.

The WEAP (Wave Equation Analysis of Piles) program is used to investigate the effects of
such factors as ram weight, ram velocity, cushion and pile properties, and the dynamic
behavior of the soil-pile interaction during driving. The Wave Equation Model is one in
which the driving hammer, hammer cushion, helmet and pile are represented by a series of
masses and springs. The soil is represented by a series of elastic-plastic springs and linear
dashpots.

(Bridge Design Manual, IIL.D.5)"

104



Titles [34 ] := "Pile Footing/Pile Bent: "

Subtitles [34 ] := "Wave Equation Analysis (WEAP):"

Text [34 ] := "One problem with the WEAP program is that assumptions of soil and pile
parameters must be made and input into the program. Therefore the predicted pile capacity
is only as good as the assumptions made. This problem has been solved by using wave
equation analysis in conjunction with field measurements. These measurements are taken by
the Pile Driving Analyzer.

(Bridge Design Manual, II1.D.5)"

Titles [35 ] := "Pile Footing/Pile Bent: "

Subtitles [35 ] := "Pile Driving Analyzer (PDA):"

Text [35 ] := "The Pile Driving Analyzer can be used in the field to determine the minimum
pile length and penetration required, to determine if pile damage has occurred and to
determine the efficiency of the driving system.

The Analyzer measures force and acceleration of the pile by attaching strain transducers and
accelerometers directly on the pile. For each hammer blow, data is fed into a small field
computer and calculations made based upon one-dimensional wave mechanics.

The PDA was developed to perform in a manner that can easily be used on a routine basis in
the field. The primary use of the PDA is in driving friction pile. It has limited application for
point bearing pile unless a drive history in a particular material is desired or if a cracked or
damaged pile is suspected.

(Bridge Design Manual, IIL.D.5)"

Titles [36 ] := "Pile Footing/Pile Bent: "

Subtitles [36 ] := "Pile Driving Analyzer (PDA):"

Text [36 ] := "The practical results of using the PDA on a specific project are:

a. The pile is driven to a blow count required at a specific site which yields a capacity
approximately 2 % times the pile design load. (Safety Factor = 2 %2).

b. Provides minimum pile length and penetration required.

c. Indicates if the contractors hammer is adequate to drive the pile and obtain desired
capacity. :

d. Can measure the actual efficiency of a Contractor's driving system.

e. Can detect if structural pile damage has occurred.

(Bridge Design Manual, II1.D.5)"
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Titles [37 ] := "Pile Footing/Pile Bent: "
Subtitles [37 ] := "Things to keep in mind:"
Text [37 ] := "Design:

a. The minimum spacing for pile in footings is the greater of 750 mm (2.5 ft.) or 2.5 pile
diameters/widths

b. Minimum clear edge distance for piling should not be less than 230 mm (9 inches) to the
nearest edge.

c. Piling should be embedded a minimum of 300 mm (1') into the footing.
d. Minimum number of piling in a footing is four.
e. Maximum practical limit of batter is 3 to 12, horizontal to vertical.

(Bridge Design Manual, I11.D.4.2)"

Titles [38 ] := "Pile Footing/Pile Bent: "
Subtitles [38 ] := "Things to keep in mind:"
Text [38 ] := "Specifications:

a. Bid Item Test Pile Special - Geologist is to be contacted with Pile Driving Analyzer before
any pile are driven.

b. Piles shall be driven within 20 millimeter (1/4 inch) horizontal variation per meter (foot)
of length to the vertical or battered lines indicated on the plans, except that foundation piles
more than 10.5 meters (35 feet) long or any piles used in bents shall be driven within 10
millimeter (1/8 inch) variation per meter (foot) of length to the vertical or battered line
indicated on the plans.

c. The maximum horizontal center-to-center variation on the head of the pile after driving
from the position shown on the plans shall be 50 millimeters (2 inches) for piles used in bents
and 150 millimeters (6 inches) for foundation piles.

(Standard Specifications for State Road and Bridge Construction, KDOT, Section 704.04d)"
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Titles [39 ] := "Pile Footing/Pile Bent: "
Subtitles [39 ] := "Things to keep in mind:"
Text [39 ] := "Specifications Continued:

d. Al piles pushed up by the driving of adjacent piles or by any other cause shall be redriven
at the contractor's cost to required penetration or resistance.

e. Basis of Payment for Cut-offs vs. Splicing:
Steel and Prestressed Concrete Pile Cut-offs = 75 percent of the contract unit price
Cast-in-Place Concrete Pile Cut-offs = 60 percent of the contract unit price.

For each splice of Steel or Concrete(cast-in-place or prestressed) Pile ordered by the engineer
and not shown on the plans = 4 times the contract unit price per foot of the type of pile

spliced.
(Standard Specifications for State Road and Bridge Construction, KDOT, Section 704.09¢)"

Titles [40 ] := "Pile Footing/Pile Bent: "
Subtitles [40 ] := "Expert s Advice:"
Text [40 ] :=" a. When problems arise, get back to the original plans as soon as possible.

b. It is good practice to finish driving a complete pile in one day. Overnight you will

establish
friction that may result in erroneous values for bearing.

c. The depth of the pile is more important when scour is a concern.
d. If you have penetration and you have reached 100 percent bearing, stop driving.

e. The location of exterior pile, especially the four corner pile, is more critical than the
location of -
the interior pile.

f Misaligned piles shall not be forced into proper position after driving is completed.

However,
many times piles are held with chains or come alongs during driving in order to retain proper
position. This practice should never be used on prestressed pile."

107



Titles [41 ] := "Pile Footing/Pile Bent: "

Subtitles {41 ] ;= "Expert s Advice:"

Text [41 ] ;= "g. There is an absolute minimum length of 4.5 m (15 ft) based on structural
stiffness.

h. Pile are theoretically 600 mm (2 ft) long, so 300 - 600 mm (1-2 feet) of cutoff is not
uncommon.

I. If 45 m-6 m (15' - 20" piles are being driven to a stratum that is known to be
impenetrable and of considerable thickness(i.e. limestone), be careful not to overdrive. The
piles will drift or bounce on the limestone. It may be necessary to reduce the fall of the
hammer.

j. If there is a Test Pile Monitoring Report, it will give more accurate results than the
formulas for bearing values in Table 1 of the KDOT Standard Specifications for State Road
and Bridge Construction Section 704.03.

(Standard Specifications for State Road and Bridge Construction, KDOT, Section 704.04d)"

Titles [42 ] := "Friction Pile"
Subtitles [42 ] := "Expert s Advice:"
Text [42 ] := "FRICTION PILE

Driving loads are important

The pile can buckle, split, or crack the welds.

Important to review the hammer report.

If you do not get bearing and are going long- use Pile Driving Analyzer(PDA)."

oo

Titles [43 ] := "Point Bearing Pile"
Subtitles [43 ] := "Expert s Advice:"
Text [43 ] := "POINT-BEARING PILE

a. May have to be predrilled

b. Not only looking for tonnage, but also penetration.

c. Point-bearing pile have more potential to be damage when trying to obtain 1.5 times
design

bearing capacity. "
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Titles [44 ] := "Pile Footing/Pile Bent: "
Subtitles [44 ] := "Potential Problems:"
Text [44 ] := "Horizontal Location:
A. Causes:

Staking Error.

Drift.

Solutions:

If the center of the pile head is mislocated less than 150 mm (6") or 20 mm / 1 meter (1/4"/1")
for pile shorter than 10.5 meters (35') and 10 mm /1 meter (1/8"/1") for pile longer than 10.5
meters (35'), it falls within the specifications. (Standard Specifications for State Road and
Bridge Construction, KDOT, Section 704.04).

However, edge distance and pile spacing requirements must still be met. The minimum
spacing for pile in footings is the greater of 750 mm (2.5") or 2.5 pile diameters/widths.
Minimum clear edge distance for piling should not be less than 225 mm (9 inches) to the
nearest edge. (Bridge Design Manual, IIL.D.4.2)."

Titles [45 ] := "Pile Footing/Pile Bent: "

Subtitles [45 ] := "Potential Problems:"

Text [45 ] := "Horizontal Location:

If the mislocated pile creates edge distance or pile spacing problems, the footing
design/redesign needs to be checked.

If the center of the pile head is mislocated by more than 150 mm (6“)‘or 20 mm / 1 meter
(1/4"/1") for pile shorter than 10.5 meters (35") and 10 mm /1 meter (1/8"/1") for pile longer
than 10.5 meters (35"), the footing design/redesign needs to be checked. "

Titles [46 ] := "Pile Footing/Pile Bent: "
Subtitles [46 ] := "Potential Problems:"
Text [46 ] := "Horizontal Location:
B. Cause:

Deflected by boulders.

Solution: :

The above solution may be appropriate, however, if boulders have been encountered typically
predrilling or jetting is required to obtain design bearing and penetration. The geologist
should be consulted."
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Titles [47 ] := "Pile Footing/Pile Bent: "
Subtitles [47 ] := "Potential Problems:"
Text [47 ] := "Vertical Location:
A. Cause:

Embedment

Solutions:

If the bridge is over a stream, the pile should be at least 4.5 m - 6 m (15' - 20") below the
assumed scour line. If a scour line is not available or the pile cannot be driven to that depth,
the design needs to be checked.

If the bridge is not over a stream, pile should be driven to at least 80 percent of the length
or within 2 m (6 ft) of plan depth. If pile cannot be driven to that depth, the design needs to
be checked.

If only one pile cannot be driven to the specified depth, some type of obstruction has been
encountered. The geologist should be contacted.”

Titles [48 ] := "Pile Footing/Pile Bent: "
Subtitles [48 ] := "Potential Problems:"
Text {48 ] := "Vertical Location:
B. Cause:

Capacity

Solution:
If the pile is not reaching adequate capacity, the Pile Driving Analyzer should be used.

C. Cause:
Length

Solation: _
If the pile cannot be placed with a minimum length of 4.5 meters (15 feet), the pile design
needs to be checked."

Titles [49 ] := "Pile Footing/Pile Bent: "

Subtitles [49 ] := "For More Information:"

Text [49 ] := "*KDOT Construction Manual, Section 4.03.08.

*Standard Specifications for State Road and Bridge Construction, KDOT, Section 151.30,
Section 704."
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Titles [50 ] := "Pile Driving"

Subtitles [50 ] := "Equipment:"

Text [50 ] := "The specifications specify what the minimum weight of a gravity hammer must
be and the energy rating an air, steam or diesel hammer must have for driving a pile to
designated bearing. One purpose of this is to provide sufficient energy for driving the pile to
the required bearing without incurring a set or penetration per blow that is so small, that when
it is used in the formula for determining the bearing power of the pile, it may give unreliable
results.

Each manufacturer of air, steam or diesel type pile driving hammers designate each size of
each type of their hammers by a number and the rated energy output of the hammer. This
designated energy rating is usually the maximum energy that the hammer is capable of
producing as determined by the manufacturer by the use of formulae or by measurement of
the energy developed.

(KDOT Construction Manual, Section 4.03.08)"

Titles [51 ] := "Pile Driving"

Subtitles [51 ] := "Equipment:"

Text [51 ] == "The pile hammer data is included as a matter of information for the Inspector
and includes the maximum rated energy in joules (foot-pounds), the length of stroke, the
mass(weight) of the ram(striking part), the number of blows per minute that the hammer must
operate to give the rated energy, and other information relative to the operation of the
hammer.

The energy output of a hammer may not, during the driving of a pile, be the same as the rated
energy. For a double or differential acting air or steam hammer there should be sufficient air
or steam pressure at the hammer to operate the hammer at the number of blows per minute
required for a given energy rating. The energy output will vary if the number of blows per
minute deviates from the designated number.

For single acting air or steam hammers the energy output is a product of the mass (weight)
of the ram and the length of the stroke. It may be assumed that the ram is operating at its full
stroke when the required air or steam pressure is maintained at the hammer and the hammer
operates

at the designated number of strokes per minute.

(KDOT Construction Manual, Section 4.03.08)"
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Titles [52 ] := "Pile Driving"

Subtitles [52 ] := "Equipment:"

Text [52 ] := "Diesel Hammers are of two types. One type has an open upper end whereby
the ram is unrestricted in its rebound and is visible above the body of the hammer. The height
of the rebound is taken as the length of the stroke for the following blow. Under normal
driving conditions, the height of rebound will increase as the resistance of the pile to driving
increases. There is a force exerted on the pile by the explosion of the charge of fuel and
likewise there is a loss in the kinetic energy developed during the fall of the ram due to the
cushioning effect the fuel has on the impact of the ram. It is highly probable that the energy
gain of one is about equal to the energy loss of the other, and therefore the energy output for
this type of hammer in foot-pounds is the product of the mass (weight) of the ram and the
length of stroke.

Measurement of the length of stroke is made by reading the height to which the top of the ram
reaches in its rebound on a graduated rod attached to and extending above the hammer body
or shell.

(KDOT Construction Manual, Section 4.03.08)"

Titles [53 ] := "Pile Driving"

Subtitles [53 ] := "Equipment:"

Text [53 ] ;= "For the second type of diesel hammer, the ram operates in a cylinder which is
closed at the top and the upstroke of the ram traps and compresses air in the bounce chamber
which is the space in the cylinder above the top of the ram. The energy stored in the
compressed air is imparted to the ram on the downward stroke. The output energy of the
hammer is designated the equivalent energy or equivalent WH since it is made up of the
energy produced as a product of the mass (weight) of the ram and this stroke plus the energy
stored in the compressed air in the bounce chamber which in turn is equivalent to an
additional height in the fall of the hammer.

As the resistance of the pile increases, the force of explosion of the diesel fuel, acting on the
ram in its upstroke increases and the increased energy of the ram increases the energy stored
in the compressed air chamber which in turn provides an increase in the force imparted to the
ram at the start of its downstroke. Thus it is evident that the energy output of the hammer,
within the limits of its rated energy output, will increase as the resistance of the pile being
driven increases. :

(KDOT Construction Manual, Section 4.03.08)" |

112



Titles [54 ] := "Pile Driving"

Subtitles [54 ] := "Equipment:"

Text [54 ] := "Hammers for steel piles, steel sheet piles, and shells for cast-in-place concrete
piles:

The mass (weight) of gravity hammers for driving steel piles, steel sheet, and shells for
cast-in-place concrete piles shall not be less than 900 kilograms (2000 pounds) and preferably
not less than 1600 kilograms (3500 pounds). In no case shall the mass (weight) of the gravity
hammer be less than the pile being driven plus the mass (weight) of the driving cap. All
gravity hammers shall be equipped with hammer guides to insure concentric impact on the
drive head or pile cushion.

The fall shall be so regulated as to avoid injury to the piles and in no case shall exceed 4.5
meters (15 feet). Steam hammers or diesel hammers for driving steel piles, steel sheet piles,
and shells for cast-in-place concrete piles shall be of such size that the rated gross energy of
the hammer in joules (foot-pound) shall be not less than 2 ¥4 times the mass (weight) of the
pile in kilograms (pounds) and in no case shall the hammer develop less than 8135 joules
(6000 foot-pounds) of energy per blow.

Contractor certifications may be used for the mass (weight) of the gravity hammers.
(Standard Specifications for State Road and Bridge Construction, KDOT, Section 151.30)"

Titles [55 ] := "Pile Driving"
Subtitles [55 ] := "Equipment:"
Text [55 ] ;= "Hammers for Prestressed Concrete Piles:

Unless otherwise provided, prestressed concrete piles shall be driven with a diesel, steam or
air hammer which shall develop an energy per blow at each full stroke of the piston of not less
than 1.35 joules (one foot-pound) for each kilogram of mass (pound of weight) driven. In

no case ‘
shall the energy developed by the hammer be less than 8135 joules (6000 foot-pounds) per

blow.

(Standard Specifications for State Road and Bridge Construction, KDOT, Section 151.30)"
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Titles [56 ] := "Pile Driving"
Subtitles [56 ] := "Equipment:"
Text [56 ] := "Vibratory Hammers:

Vibratory hammers may be used only when specifically allowed by the Contract documents
or in writing by the Engineer. Vibratory hammers, if permitted, should preferably be used in
combination with pile load testing and retapping with an impact hammer. In addition, one of
every ten piles driven with a vibratory hammer shall be retapped with an impact hammer of
suitable energy to verify that acceptable load capacity was achieved.

(Standard Specifications for State Road and Bridge Construction, KDOT, Section 151.30)"

Titles [57 ] := "Pile Driving"

Subtitles [57 ] := "Equipment:"

Text [57 ] := "In case the required penetration and/or bearing is not obtained by use of a
hammer complying with the above minimum requirements, the Contractor shall provide a
hammer of greater energy and/or when permitted resort to jetting or pre-drilling at his own
expense. Use of the pile driving analyzer may be required when minimum requirements are
not obtained or results are doubtful.

(Standard Specifications for State Road and Bridge Construction, KDOT, Section 151.31)"

Titles [58 ] := "Pile Driving"
Subtitles [58 ] ;= "Equipment:"
Text [58 ] := "Hammer Cushion:

All impact pile driving equipment except gravity hammers shall be equipped with a suitable
thickness of hammer cushion material to prevent damage to the hammer or pile and to insure
uniform driving behavior. Hammer cushions shall be made of durable, manufactured material,
which will retain uniform properties during driving. All wood, wire rope, and asbestos
hammer cushions are specifically disallowed and shall not be used. A striking plate shall be
place on the hammer cushion to insure uniform compression of the cushion material. The
hammer cushion shall be inspected in the presence of the Engineer when beginning pile
driving at each structure or after each 100 hours of pile driving, whichever is less. The
hammer cushion shall be replaced by the Contractor before driving is permitted to continue
whenever there is a reduction of hammer cushion thickness exceeding 25 percent of the
original thickness.

(Standard Specifications for State Road and Bridge Construction, KDOT, Section 151.30)"
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Titles [59 ] := "Pile Driving"

Subtitles [59 ] := "Equipment:"

Text [59 ] := "The following are acceptable types of hammer cushion material. If the
contractor proposes a material type that is not included in this list, then contact the Bureau

of Materials and Research.

1. Micarta(Conbest) - This is an electrical insulating material composed of fabric and phenol.
It must be replaced when is starts to powderize or when it disintegrates into various layers.
2. Nylon (Blue or other colors) -This material comes in 50 mm (two inch) thick blocks.
Occasional vertical cracking is not detrimental. However, after the cushion develops
horizontal cracks, it should be replaced.

3. Hamortex - This material consists of metallized paper reels. It has good engineering
properties but needs attention as it may compress or disintegrates.

4. Force 10, Forbon, and Fosterlon - These materials are provided by manufacturers of pile
driving equipment.

5. Aluminum - Aluminum is often used to separate layers of softer cushioning material. The
aluminum does no cushioning itself, however, it is thought to extract the heat from the
cushion stack. Once the aluminum is deformed or broken it should be replaced.

NOTE: Wood(plywood or hardwood) will probably remain the most commori type of

material
used as a pile cushion for gravity hammers.

(KDOT Construction Manual, Section 4.03.08)"

Titles [60 ] := "Pile Driving"

Subtitles [60 ] := "Preignition:"

Text [60 ] := "Preignition means that the fuel combusts before impact occurs. Thus,
preignition reduces the ram impact velocity and cushions the impact. When a hammer
preignites, the full ram energy is not transmitted to the pile, but rather returned to the ram,
causing the stroke to be very high. The low energy in the pile results in a high blow count.
Preignition, therefore, has all the symptoms of a hard driving condition at a potentially low
soil resistance. Overheated hammers

often preignite after long periods of hard driving when lubrication oil starts to burn or fuel
vaporizes prematurely due to heat.

The following are signs of preignition in hard driving:
-Black smoke while strokes are high.
-Flames in exhaust ports.
-Blistering paint(due to excessive heat).
-No obvious metal to metal impact sound.
(KDOT Construction Manual, Section 4.03.08) "
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Titles [61 ] := "Pile Driving"

Subtitles [61 ] := "Preignition:"

Text [61 ] := "If preignition is suspected, then the hammer should be stopped, allowed to cool
down for an hour, and then restarted. Stroke and blow count should then be accurately
monitored. If both stroke and blow counts are lower during the first two minutes after the
resumption of driving, then proof exists of a preignition condition before the cooling period
was established. ’

Most atomized fuel injection hammers have some design preignition. The fuel usually
starts to burn when the ram is a small distance above the impact block. If the ram descends
slowly, the pressure has more time to act on the ram than in the case of a high stroke, when
the ram reaches the impact block within a short time. Thus, in hard driving, with high strokes
and, therefore, high ram velocities, design preignition is of little consequence. For easy
driving, it is often beneficial to keep the hammer running.

(KDOT Construction Manual, Section 4.03.08)"

Titles [62 ] := "Pile Driving"

Subtitles [62 ] := "Equipment:"

Text [62 ] := "Followers:

Followers should not be permitted when driving piling except with permission from the
District Construction Engineer. This does not refer to the pile cap which is commonly used
to protect and guide the pile in the leads but to the long heavy timber which is sometimes set
on top of the pile to facilitate driving at low levels without lowering the pile driver or
extending the leads.

(KDOT Construction Manual, Section 4.03.08)"

Titles [63 ] := "Pile Driving" : -

Subtitles [63 ] := "Equipment:"

Text [63 ] := "Leads:

Pile-driving leads shall be constructed in such a manner to afford freedom of movement of the
hammer, and they shall be held in position by guys or stiff braces to insure support to the pile
during driving. Except where piles are driven through water, the leads shall be of sufficient
length so that the use of a follower will not be necessary.

Inclined leads shall be used in driving battered piles. The driving of piles with followers shall
be avoided if practicable and shall be used only with written permission of the engineer.
When followers are used, one pile from every group of ten or fraction thereof shall be a long
pile driven without followers, and shall be used as a test pile to determine the average bearing
power of the group.

(Standard Specifications for State Road and Bridge Construction, KDOT, Section 151.30)"
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Titles [64 ] := "Pile Driving"
Subtitles [64 ] := "Equipment:"
Text [64 ] := "Pile Driving Head:

Piles driven with impact hammers shall be fitted with an adequate driving head to distribute
the hammer blow to the pile head. The driving head shall be axially aligned with the hammer
and the pile. The driving head shall be guided by the leads and shall not be free-swinging.
The driving head shall fit around the pile head in such a manner as to prevent transfer of
torsional force during driving while maintaining proper alignment of hammer and pile.

(Standard Specifications for State Road and Bridge Construction, KDOT, Section 151.30)"

Titles [65 ] := "Pile Driving"
Subtitles [65 ] := "Equipment:"
Text [65 ] := "Water jets:

Jetting is to be used only with permission of the Engineer. When jets are used, the number
of jets and the volume and pressure of water at the jet nozzle shall be sufficient to erode freely
the material adjacent to the pile. The plant shall have sufficient capacity to deliver at all times
at least 700 kilopascals (100 pounds per square inch) pressure at 20 millimeter (3/4 inch) jet
nozzles. At least 1.5 meters (five feet) before the desired penetration is reached, the jets shall
be withdrawn and the piles shall be driven with an approved hammer to secure the final
penetration.

(Standard Specifications for State Road and Bridge Construction, KDOT, Section 151 30)"

Titles [66 ] := "Pile Driving"

Subtitles [66 ] := "Methods - Construction Manual, Section 4.03.08"

Text [66 ] := "Before starting driving of piling, the excavation shall be complete or in
embankment areas the embankment shall be completed to the bottom of substructure concrete
elevation. Proper elevation of fill or cut is especially critical in cases where battered piling are
involved. On certain wall-type abutments, an error in grade could easily result in the piling
being too close to or possibly outside the wall forms. After the contractor completes the
actual pile layout, it should be thoroughly checked by the inspector.

After a pile has been placed in position for driving, a check should be made to
determine that it is plumb or has the correct batter. Determination should be made during the
driving so that the pile is retained in its correct position. Checking the batter of a pile may
be made with a spirit level attached to a board which has one edge cut to the required pile
batter. _
Upon completion of one unit and prior to driving operation in the next unit, it is
advisable, whenever possible, to measure the distance between the units to assure that the
location of the unit as originally staked is correct."
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Titles [67 ] := "Pile Driving"

Subtitles [67 ] := "Methods - Construction Manual, Section 4.03.08"

Text [67 ] := "Leads used for pile driving are either the swing or fixed type. The contractor
should be encouraged to use the fixed type wherever possible as they do a better job of
holding the pile in position. The batter is checked by making a template to the shape show
non the plans. With a carpenter's level attached to the vertical side of the template, the level
should give a vertical indication when the template is held against the pile in its battered
position. The vertical piles should be checked regularly during driving to maintain them in
as nearly a vertical position as possible. Pile caps conforming to the shape of the top of the
pile shall be used in order to prevent damage to the top of the pile. "

Titles [68 ] := "Pile Driving"

Subtitles {68 ] := "Methods - Construction Manual, Section 4.03.08"

Text [68 ] := "When using the gravity hammer, care should be taken to see that there is no
undue friction in the drums and no excess kinking or tangling in the cable which will cause
an excessive retardation of the fall of the hammer.

When short piling are driven to a stratum which is known to be impenetrable and of
considerable thickness, special care should be taken to avoid injury to the piling by
overdriving. It may be necessary to reduce the fall of the hammer. It may also be possible
to observe during the driving that the penetration is considerably less than that which indicates
practical refusal in which case no further test would be necessary, and no further driving of
the pile should be attempted. In this case, it is important that all piling be reseated after all
piling in the footing are driven as there is a tendency in driving additional piles, to raise those
already in place. The Engineer should be satisfied that all piling are driven down to positive
contact with the impenetrable stratum before allowing the piles to be cut off.”

Titles [69 ] := "Pile Driving"

Subtitles [69 ] := "Methods - Construction Manual, Section 4.03.08"

Text [69 ] := "When making the test blows, there should be little or no bouncing of the

hammer. If the hammer bounces to any considerable extent, either the fall is too great, the

pile has struck a solid obstacle, or the hammer is too light. When bouncing occurs, careful

trials and discriminating judgment are required to determine the cause.

~ Decreasing the height of fall will sometimes decrease the bouncing and increase the effect of
the blow. If the pile has struck an impenetrable stratum or a boulder, and the driving is

continued, it is probable that there will be a small and continuous apparent penetration due

to the brooming or a failure of the pile. In hard driving, there is likely to be a small rebound

of the hammer due to the elastic compression of the pile. The penetration to be used in the

formulas should not be taken until it has attained a reasonably uniform or uniformly

decreasing rate." :
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Titles [70 ] := "Pile Driving"

Subtitles [70 ] := "Methods - Construction Manual, Section 4.03.08"

Text [70 ] = "If the piling cannot be driven to the minimum penetration elevation shown on
the plans by ordinary driving methods, the Engineer may require the Contractor to operate
water or steam jets during driving operations or to use a heavier or larger pile hammer, unless
it is very evident that the piling have stopped on an impenetrable stratum.

If the piling are too short to obtain minimum bearing power, the driving of piling should be
suspended until it can be determined whether (1) longer piling should be obtained, (2) the
piles should be spliced, or (3) the design should be revised by increasing the number of piling
or lowering the footing to enable the shorter piling to be used. The District Construction
Engineer should be immediately consulted if any of these changes seem necessary. Splices
shall be made in accordance with the provisions of the specifications.”

Titles [71 ] := "Pile Driving"

Subtitles [71 ] := "Methods - Construction Manual, Section 4.03.08"

Text [71 ] := "Frequent obstructions are encountered which deflect the course of the pile or
render it impossible to drive. Driving should be discontinued when it is apparent that the pile
is brooming or failing, Piles are damaged and rendered ineffective by continued driving after
they have been driven to practical refusal.

Prestressed piles must be driven with steam, air, or diesel hammers. Make sure the rating of
the hammer used to drive any piling meets the minimum requirements of the specifications.

The driving of piling, after specified penetration has been obtained, to bearing values that are
greatly in excess of plan requirements for the purpose of using up ordered lengths should not
~ be permitted.”

Titles [72 ] := "Pile Driving"

Subtitles [72 ] := "Methods - Construction Manual, Section 4.03.08"

Text [72 ] := "The gauge specified for steel shells is the minimum gauge permitted to be
furnished. When driving through adverse subsoil conditions, it is the Contractor's
responsibility to furnish thicker shells or provide reinforcement of shells to provide the
strength and rigidity necessary for driving while remaining substantially watertight. -

To the extent practical, all pile driving within a substructure unit should be completed
before any concrete is placed in that unit. Should it become necessary to drive piling, or
conduct other construction operations that might adversely affect freshly placed concrete,
including blasting and demolition of existing structures, within a minimum of 4.5 meters
(fifteen feet) from the previously place concrete, such operations should be delayed until the
concrete has attained the minimum age of seven days."
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Titles [73 ] := "Pile Footing/Pile Bent: "

Subtitles [73 ] := "Test Piling:"

Text [73 ] := "Test piling are driven as an aid in determining the required or ordered length
of piling. From a study of the information obtained from the soil borings and the relative
location of the proposed substructure units, the number and location of test piles are
determined and shown on the plans. Usually one or more test piles are driven at each
substructure unit, however, in a small structure, one or two test piles may be all that is
required and shown on the plans.

(KDOT Construction Manual, Section 4.03.08)"

Titles [74 ] := "Pile Footing/Pile Bent: "

Subtitles [74 ] := "Test Piling:"

Text [74 ] := "Procedure:

During driving of the test pile, and beginning after the pile has penetrated the upper few feet
of any soft or loose soil, measurements are to be taken and recorded to the rate of penetration
of the pile at each 500 mm (1 foot) interval for the total depth of penetration. The rate of
penetration is the distance in millimeters (inches) that the pile penetrates the soil per blow of
the hammer, and it is equal to 500 (twelve) divided by the blows per 500 mm (foot). In the
case of test pile, it shall be determined by counting the number of blows of the hammer for
each 500 mm (foot) interval of penetration of the pile and computing the rate as the average
for the 500 mm (foot) interval.

When driving a test pile, if 500 mm (one-foot) intervals are first marked on the pile
and the 1.5 or 3 m (five or ten foot) intervals designated, count of blows per foot may be
made as the 500 mm (foot) interval passes a fixed object and determination of the depth of
penetration may be made by observing the 500 mm (foot) mark at the ground level.
(KDOT Construction Manual, Section 4.03.08)"

Titles [75 ] := "Pile Footing/Pile Bent: "

Subtitles [75 ] := "Test Pile (Special):"

Text [75 ] := "When the item Test Pile (Special) is shown on the Plans and Contract, the Pile
Driving Analyzer (PDA) will be used on the project to monitor the driving of the test pile(s)
to the required driving resistance to obtain the desired ultimate loads by preliminary
calculations with the Wave Equation Analysis Program (WEAP) and subsequent dynamic
measurements the with PDA, following the procedures below.

Once the Contractor's system has been approved no variations in the driving system
will be permitted without the Engineer's written approval. Any change in the driving system
will only be considered after the Contractor has submitted the necessary information for a
revised wave equation analysis.

The Contractor shall provide the Engineer with the pile driving equipment information
required from the 'Pile and Driving Equipment Data Sheet' located in the Contract. The Field
Engineer will forward this information to the Bridge Engineer to be used in wave equation
analysis of pile driving. '

(Standard Specifications for State Road and Bridge Construction, KDOT, Section 704.04)"
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Titles [76 ] := "Pile Footing/Pile Bent: "

Subtitles [76 ] := "Test Pile Scheduling:"

Text [76 ] := "This information will be provided to the Field Engineer at least 14 days prior
to the preconstruction conference. The Contractor will be notified of the hammer data
analysis results at the Preconstruction Conference.

(Standard Specifications for State Road and Bridge Construction, KDOT, Section 704.04)"

Titles [77 ] := "Pile Footing/Pile Bent: "

Subtitles [77 ] := "Test Pile Results:" :

Text [77 ] := "The pile driving equipment shall be capable of providing the minimum energy

as noted on the Plans. If the analysis shows that pile damage or inability to drive the pile to

the desired ultimate capacity will result from the Contractor's proposed equipment or

methods, the Contractor-shall have two options: (1) Modify the proposed methods and/or

equipment, or (2) Provide additional pile cross-sectional area or alternate piling.
Subsequent analysis of the option chosen will be made by the Engineer until the results

indicate that the piles can be driven to the desired ultimate capacity without damage.
These options will be provided at no increase in the contract cost.

(Standard Specifications for State Road and Bridge Construction, KDOT, Section 704.04)"

Titles [78 ] := "Pile Footing/Pile Bent: "

Subtitles [78 ] := "Test Pile - PDA:"

Text [78 ] := "Dynamic measurements will be taken by the Engineer in charge during driving
of a predetermined number of test pile as shown on the Plans. It is estimated that the
Engineer will need approximately 1 1/2 hours to prepare the test piling and to install the
dynamic measuring equipment. The Contractor shall provide the Engineer safe and
reasonable means of access to the pile for preparation and attaching instruments after the pile
is placed in the leads. Pile shall be driven in a designated footing to the required driving
resistance to obtain the estimated ultimate loads. if non-axial driving is indicated by dynamic
test equipment measurements, the Contractor shall immediately realign the driving system.
A specified number of test pile may be retapped a minimum of 24 hours after initial driving.
The retap will consist of a minimum pile penetration of 150 millimeters (6 inches) or 50
blows, whichever occurs first.

(Standard Specifications for State Road and Bridge Construction, KDOT, Section 704.04)"

Titles [79 ] := "Pile Footing/Pile Bent: "
Subtitles [79 ] := "Test Pile - PDA Scheduling & Results:"
Text [79 ] = "The Contractor will notify the Engineer in charge five working days prior to
driving test piling on which dynamic testing is required to allow the Department time to
mobilize and get test equipment to the field.

The Engineer will utilize the pile driving analyzer results to provide the Contractor
with a blow count for production driving.
(Standard Specifications for State Road and Bridge Construction, KDOT, Section 704.04)"
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Appendix C - Pier Footing Problem Solution Code
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$VERSION35
$SLOCATIONS ARE PIXELS

CLASS Pile

WITH type COMPOUND

H,

prestressed,

shell
WITH resistance COMPOUND

point bearing,

friction

QUERY FROM Pile Resistance Display
WITH edge distance NUMERIC

QUERY FROM Pile Details Display
WITH diameter_width NUMERIC

QUERY FROM Pile Details Display
WITH spacing NUMERIC

QUERY FROM Pile Details Display
WITH length NUMERIC

QUERY FROM Pile Details Display
WITH depth below scour line NUMERIC

CLASS Pile Footing Pile Bent Problem
WITH cause COMPOUND

staking,
drift,
boulder deflection,
penetration,
capacity,
min tength
QUERY FROM Pile Footing Pile Bent Problem Display

CLASS Possible Repairs
WITH repair 0 SIMPLE
WITH repair 1 SIMPLE
WITH repair 2 SIMPLE
WITH repair 3 SIMPLE
WITH repair 4 SIMPLE
WITH repair 5 SIMPLE
WITH repair 6 SIMPLE
WITH repair 7 SIMPLE
WITH repair 8 SIMPLE
WITH repair 9 SIMPLE
WITH repair 10 SIMPLE
WITH repair 11 SIMPLE
WITH repair 12 SIMPLE
WITH repair 13 SIMPLE
WITH repair 14 SIMPLE
WITH repair 15 SIMPLE
WITH repair 16 SIMPLE
WITH repair 17 SIMPLE
WITH repair 18 SIMPLE
WITH repair 19 SIMPLE
WITH repair 20 SIMPLE
WITH repair 21 SIMPLE
WITH repair 22 SIMPLE
WITH repair 23 SIMPLE
WITH repair 24 SIMPLE
WITH repair 25 SIMPLE
WITH repair 26 SIMPLE
WITH repair 27 SIMPLE
WITH repair 28 SIMPLE
WITH repair 29 SIMPLE
WITH repair 30 SIMPLE
WITH repair 31 SIMPLE
WITH repair 32 SIMPLE
WITH repair 33 SIMPLE
WITH repair 100 SIMPLE

CLASS Spread Footing Problem
WITH cause COMPOUND

interference with cofferdam,
incorrect excavation,
fissures,
high bedrock,
low bedrock,
overbreakage,
unsound materiat
QUERY FROM Spread Footing Problem Display

CLASS Units
WITH type COMPOUND
english,
metric
QUERY FROM Units Query

ATTRIBUTE Cofferdam used SIMPLE
SEARCH ORDER CONTEXT WHEN NEEDED RULES QUERY DEFAULT

ATTRIBUTE substructure unit with problem COMPOUND
spread footing,
pile footing,
pile bent
QUERY FROM Substructure details
ATTRIBUTE horizontal mislocation NUMERIC
QUERY FROM Horizontal Mislocation Display
ATTRIBUTE vertical mistocation NUMERIC
QUERY FROM Vertical Mislocation Display
ATTRIBUTE depth to sound material NUMERIC
QUERY FROM Probe Hole Display
ATTRIBUTE recommendation STRING
ARRAY SIZE 100 -
ATTRIBUTE Bridge COMPOUND
over a stream,
not over a stream
QUERY FROM Bridge Details Display
ATTRIBUTE horizontal mislocation specification 1 NUMERIC
WHEN NEEDED
BEGIN
IF substructure unit with problem IS pile footing AND type OF Unit\
s IS english AND length OF Pile <= 35 THEN
horizontal mislocation specification 1 := .25
ELSE
BEGIN
IF substructure unit with problem (S pile footing AND type OF \
Units IS english AND iength OF Pile > 35 THEN
hotizantal mislocation specification 1:= .125
ELSE
BEGIN
IF substructure unit with problem IS pile footing AND type\
OF Units IS metric AND length OF Pile <= 10.5 THEN
horizontal mislocation specification 1 := 20
ELSE
BEGIN
IF substructure unit with problem IS pile footing AND \
type OF Units IS metric AND length OF Pile > 10.5 THEN
horizontal misfocation specification 1 := 10
ELSE
BEGIN
IF substructure unit with problem IS pile bent AND\
type OF Units IS english THEN
horizontal mislocation specification 1 := .125
ELSE
BEGIN
IF substructure unit with problem 1S pile benti
AND type OF Units IS metric THEN
horizontal mislocation specification 1 := 10
END
END
END
END
END
END
SEARCH ORDER WHEN NEEDED
ATTRIBUTE horizontal mistocation specification 2 NUMERIC
WHEN NEEDED
BEGIN
IF substructure unit with problem 1S pile footing AND type OF Unity
s IS english THEN
horizontal mislocation specification 2 := 6
ELSE
BEGIN
IF substructure unit with problem IS pile footing AND type OF \
Units IS metric THEN
horizontal mislocation specification 2 := 150
ELSE
BEGIN
IF substructure unit with problem IS pile bent AND type OF\
Units IS english THEN
horizontal mislocation specification 2 := 2
ELSE
BEGIN
IF substructure unit with problem IS pile bent AND typ\
e OF Units IS metric THEN
horizontal mislocation specification 2 := 50
END
END
END
END
SEARCH ORDER WHEN NEEDED
ATTRIBUTE spacing specification NUMERIC
WHEN NEEDED
BEGIN
IF type OF Units IS english THEN
spacing specification := MIN( 30, (2.5 * diameter_width OF Pite)\

ELSE
BEGIN
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IF type OF Units IS metric THEN
spacing specification := MIN( 750, (2.5 * diameter_width OF \
Pite))
END

END
SEARCH ORDER WHEN NEEDED
ATTRIBUTE edge distance specification NUMERIC
WHEN NEEDED
BEGIN
IF type OF Units IS english THEN
edge distance specification := 9
ELSE
BEGIN
IF type OF Units 1S metric THEN
edge distance specification := 230
END
END
SEARCH ORDER WHEN NEEDED
ATTRIBUTE horizontat mislocation specification NUMERIC
WHEN NEEDED
BEGIN
horizontal mistocation specification := MIN( horizontal mislocatio\
n specification 1, horizontal mislocation specification 2)
END
SEARCH ORDER WHEN NEEDED
ATTRIBUTE horizontal mislocation expert's specification NUMERIC
WHEN NEEDED :
BEGIN
IF typasOF Units IS english THEN
horizontal mislocation expert's specification := 12
ELSE
BEGIN
IF type OF Units 1S metric THEN
horizontal mislocation expert's specification := 300
END
END
SEARCH ORDER WHEN NEEDED
ATTRIBUTE depth to sound material expert's specification NUMERIC
WHEN NEEDED '
BEGIN
IF type OF Units IS english THEN
depth to sound material expert's specification := 18
ELSE
BEGIN
IF type OF Units IS metric THEN
depth to sound material expert's specification := 450
END
END
SEARCH ORDER WHEN NEEDED
ATTRIBUTE Scour Line COMPOUND
available,
not avaitable -
QUERY FROM Stream Details Display
ATTRIBUTE Probe Hole COMPOUND
drifted,
not drilled
QUERY FROM Probe Hote Display
ATTRIBUTE depth below scour line expert's specification NUMERIC
WHEN NEEDED
BEGIN
IF type OF Units IS english THEN
depth below scour line expert's specification := 17
ELSE
BEGIN
IF type OF Units IS metric THEN
depth below scour line expert's specification := §
END
END
SEARCH ORDER WHEN NEEDED
ATTRIBUTE depth below scour line NUMERIC
QUERY FROM Stream Details Display
ATTRIBUTE vertical mislocation expert's specification NUMERIC
WHEN NEEDED
BEGIN
IF type OF Units IS english THEN
vertical mislocation expert's specification := MIN(.2 * length \
OF Pile, 6)
ELSE
BEGIN
IF type OF Units IS metric THEN
vertical mislocation expert's specification := MIN(.2 * len\
gth OF Pile, 2)
END
END
SEARCH ORDER WHEN NEEDED
ATTRIBUTE minimum length expert's specification NUMERIC
ATTRIBUTE restart SIMPLE
ATTRIBUTE footing COMPOUND
not poured,
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poured
QUERY FROM Substructure details
ATTRIBUTE New Problem Button SIMPLE
WHEN CHANGED
BEGIN
CHAIN "foundatn.knb"
END
ATTRIBUTE Next Button SIMPLE
ATTRIBUTE Print Button SIMPLE
WHEN CHANGED
BEGIN
filename OF prinfile 1 := filtename OF report
print OF prinfile 1 := TRUE
END
ATTRIBUTE All Information Given SIMPLE
QUERY FROM All Info Given
ATTRIBUTE time TIME
ATTRIBUTE View Report Button SIMPLE
WHEN CHANGED
BEGIN
output OF Report Window := Output Report
END
ATTRIBUTE Why STRING
ARRAY SIZE 100
ATTRIBUTE Why? Button SIMPLE
WHEN CHANGED
BEGIN
visible OF Why? Window := TRUE
output OF Why? Window := Why? Display
END
ATTRIBUTE Input File Button SIMPLE
ATTRIBUTE Screen Input Button SIMPLE
ATTRIBUTE Save Button SIMPLE
WHEN CHANGED
BEGIN

IF filename OF save output report = “REPORT.TXT" THEN

ASK report file warning
ELSE
BEGIN

filename OF save file := filename OF save output report

action OF save file IS open new := TRUE
action OF report IS open old := TRUE
DO
BEGIN
read line OF report := TRUE

write line OF save file := current line OF report

END
UNTIL (eof OF report = TRUE)
action OF report IS close := TRUE
action OF save file IS close := TRUE
END
END
ATTRIBUTE Quit Button SIMPLE
WHEN CHANGED
BEGIN
exit OF application := TRUE
END
ATTRIBUTE Goto Training SIMPLE
WHEN CHANGED
BEGIN
CHAIN “training.knb"
END



INSTANCE the domain ISA domain
WITH recommendation [1 ] := "The spread footing problem was caused by \
a mistocated cofferdam.

The footing may be poured against the cofferdam if needed. However, with\
waler rings inside the cofferdam, you may create additional problems.

Another possible solution is to shift the footing and the reinforcing sti
eel for the footing. However, the position of the column and thus the co\
lumn steel should be maintained.

Consult District Engineer for other solutions.”

WITH recommendation [2 ] ;= "The spread footing problem was caused by \
a mislocated cofferdam. The mislocation is too large to recommend a sol\
ution to the problem.

Call the District Engineer for appropriate procedure.”
WITH recommendation [3 ] := "The spread footing problem was caused by \
an incorrect excavation or overbreakage.

Excavate so that the footing can be placed in the correct location. Cut\
the excess excavation to neat lines and backfill with concrete.

Consult District Engineer for other solutions.”
WITH recommendation [4 ] := “The spread footing problem was caused by \
fissures.

Remove all loose material to a solid conditions and backfill with concrel
te. "

WITH recommendation [5 ] := "The spread footing problem was caused by \
the bedrock being encountered at a higher elevation than anticipated.

Because the bridge is over a stream, the bottom of the footing should be\
a minimum of 2 meters(6 feet) below the stream bed.

If this depth has been reached, one possible solution is to shorten the \
column. However, such changes to the substructure design should not be \
made without consulting the Bridge office.

First consult the District Engineer for appropriate solution."
WITH recommendation [6 ] := "The spread footing problem was caused by \
the bedrock being encountered at a higher elevation than anticipated.

Because the bridge is not over a stream, the depth of the footing is noti
as critical because scour is not a concern.

One possible solution is to place the footing at this efevation and shon
ten the column, However, such changes to the substructure design should\
not be made without consulting the Bridge office.

First consult the District Engineer for appropriate solution.”

WITH recommendation [7 ] := *The spread footing problem was caused by \
unsound material or the bedrock not being encountered at the elevation a\
nticipated. A pitot hote has been drilled and sound material was found \
within 450mm(18in).

1. Excavate to sound material.

2. Maintain the footing minimum embedment of 150mm
nd 300mm (1 ft) in shale.

3. Thicken the footing, but maintain the reinforcing steel
vation as shown on the plans.”

WITH recommendation {8 ] := "The spread footing problem was caused by \
unsound material or the bedrock not being encountered at the elevation a\
nticipated. A pilot hole has been drilled and sound material was not fol
und within 450mm({18in).

(6in) in rock at

mat ele\

Consult District Engineer for appropriate solution.”

WITH recommendation [9 | := "The spread footing problem was caused by \
unsound material or the bedrock not being encountered at the elevation a\
nticipated.

Drill a probe hole to determine the depth to sound material.

If the depth to sound material is greater than 450mm (18in):
Consult District Engineer for appropriate solution.

If the depth to sound material is less than or equal to 450mm(18in):
1. Excavate to sound material.
2. Maintain the footing minimum embedment of 150mm(6in) in rock and 300\
mm (1 ft} in shale.
3. Thicken the footing, but maintain the reinforcing steel mat elevatio\
n as shown on the plans.”
WITH recommendation [10 ] := *The horizontal mislocation of the pile i\
s within the Specifications 704.04d. In addition, the mislocation does \
not create an edge distance or a pile spacing problem.

Consult District Engineer for any additional recommendations.”
WITH recommendation {11 } := “The horizontal mislocation of the pile a\
nd the edge distance are within the specifications. However, the misloc\
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ation created a pile spacing problem.

Consult the District Engineer for the appropriate solution.”

WITH recommendation [12 ] := “The horizontal mislocation of the pile a\
nd the pile spacing are within the specifications. Howevet, the misloca\
tion created an edge distance problem.

Consult the District Engineer for the appropriate solution.”

WITH recommendation [13 ] := “The mislocation of the pile is within sp\
ecifications. However, the mislocation created a pile spacing and edge d\
istance problem.

Consult the District Engineer for the appropriate solution.”

WITH recommendation [14 ] := "The mislocation of the pile is not withi\
n specifications. However, the pile spacing and edge distance specific\
ations have been met.

Consult the District Engineer for the appropriate solution.”

WITH recommendation (15 ] := “The mislocation of the pile is not withi\
n specifications. Due to this mislocation the pile spacing specificatiol
n has also been violated. However, the edge distance specification is m\
et.

Consult the District Engineer for the appropriate solution.”

WITH recommendation [16 ] := “The mislocation of the pile is not withi\
n specifications. Due to this mislocation the edge distance specificat\
jon has also been violated. However, the pile spacing specification is \
met.

Consult the District Engineer for the appropriate solution.”

WITH recommendation [17 }.:= "The mislocation of the pile, the pile sp\
acing and the edge
distance specifications have all been violated.

Consult the District Engineer for the appropriate solution.”

WITH recommendation {18 ] := “The mislocation of the pile is within th\
e specifications. In addition, the mislocation does not create an edge \
distance or a pile spacing problem.

Since the piles were suspected to have been deflected, predrilling or je\
tting may be needed.

Consutt District Engineer for any additional recommendations."

WITH recommendation {19 } := "The mislocation of the pile and the edge\
distance are within the specifications. However, the mislocation creat\
ed a pile spacing problem.

Since the piles were suspected to have been deflected, predrilling or je\
tting may be needed.

Consult the District Engineer for the appropriate solution.”

WITH recommendation [20 ] := "The mislocation of the pife and the pile\
spacing are within the specifications. However, the mislocation createt
d an edge distance problem.

Since the piles were suspected to have been deflected, predrilling or je\
tting may be needed.

Consult the District Engineer for the appropriate solution.”

WITH recommendation [21 ] := “The mislocation of the pile is within sp\
ecifications. However, the mislocation created a pile spacing and edge \
distance problem.

Since the piles were suspected to have been deflected, predritiing or je\
tting may be needed.

Consult the District Engineer for the appropriate solution.”

WITH recommendation [22 } := “The mislocation of the pile is not withi\
n specifications. However, the pile spacing and edge distance specificat
tions have been met.

Since the piles were suspected to have been deflected, predrilling or je\
tting may be needed.

Consult the District Engineer for the appropriate solution.”

WITH recommendation [23 ] := “The mislocation of the pile is not withi\
n specifications. Due to this mislocation the pile spacing specificatio\
n has also been violated. However, the edge distance specification is m\
et

Since the piles were suspected to have been deflected, predrilling or je\
fting may be needed.

Consult the District Engineer for the appropriate solution.”

WITH recommendation [24 ] := “The mislocation of the pile is not withi\
n specifications. Due to this mislocation the edge distance specificatit
on has also been violated. However, the pile spacing specification is m\
et



Since the piles were suspected to have been deflected, predrilling or je\
-tting may be needed.

Consult the District Engineer for the appropriate solution.”

WITH recommendation [25 ] := "The mislocation of the pile, the pile sp\
acing and the edge
distance specifications have afl been violated.

Since the piles were suspected to have been deflected, predrilling or je\
tting may be needed.

Consult the District Engineer for the appropriate solution.”

WITH recommendation [26 ] := "The piles have reached sufficient depth \
below the assumed scour fine. If adequate bearing has been obtained, st
op driving at this depth.

If only one pile within a footing is driving short, boulders or some oth
er type of obstruction has been hit. In this case, consult with the Di\
strict Engineer for appropriate solution.”

WITH recommendation [27 ] := "Either an assumed scour line is not avail
lable or the piles have not reached sufficient depth below the assumed s\
cour line.

In either case, the District Engineer should be consulted for appropriat\
e solution.”

WITH recommendation [28 ] := "A sufficient percentage of the pile has \
been driven.
The recommendation is to stop driving at this depth.

However, if only one pile within a footing is driving short, boulders ot
some other type of obstruction has been hit. in this case, consuit the\
District Engineer for appropriate solution."

WITH recommendation [29 ] := “A sufficient percentage of the pile has \
not been driven.

The recommendation is to consult with the District Engineer for appropri\

ate solution.”

WITH recommendation [30 ] := "Since the pife is not obtaining adequate\

capacity and itis a

triction pile, the Geologist should be consulted about using the Pile DAt

iving Analyzer (PDA)."

WITH recommendation [31 ] := "There is an absolute minimum length of p\
ile based on structural stability. The pile has not been driven to this\

depth.

Consult the Bridge Office for appropriate solution."

WITH recommendation [32] := "There is an absolute minimum fength of p\
ile based on structural stability. The pile has been driven to this dep\
th.

Consuilt District Engineer if you have other concerns.”
WITH recommendation [33 ] := “Since the footing has been poured, the p\
ossible solutions are very specific to the particular situation.

Therefore, consult District Engineer for appropriate solutions.”
WITH recommendation {100 ] := "The information given is either incompf\
ete or no repair recommendation matches the given input.

Check input and run program again.
Update of this error type and repair procedure may be necessary."
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AGENDA

repair 1 OF Possible Repairs
repair 2 OF Possible Repairs
repair 3 OF Possible Repairs
repair 4 OF Possible Repairs
repair 5 OF Possible Repairs
repair 6 OF Possible Repairs
repair 7 OF Possible Repairs
repair 8 OF Possible Repairs

9. repair 9 OF Possible Repairs
10. repair 10 OF Possible Repairs
11. repair 11 OF Possible Repairs
12. repair 12 OF Possible Repairs
13. repair 13 OF Possible Repairs
14. repair 14 OF Possible Repairs
15. repair 15 OF Possible Repairs
16. repair 16 OF Possible Repairs
17. repair 17 OF Possible Repairs
18. repair 18 OF Possible Repairs
19. repair 19 OF Possible Repairs
20, repair 20 OF Possible Repairs
21. repair 21 OF Possible Repairs
22. repair 22 OF Possible Repairs
23. repair 23 OF Possible Repairs
24. repair 24 OF Possible Repairs
25. repair 25 OF Possible Repairs
26. repair 26 OF Possible Repairs
27. repair 27 OF Possible Repairs
28, repair 28 OF Possible Repairs
29. repair 29 OF Possible Repairs
30. repair 30 OF Possible Repairs
31. repair 31 OF Possible Repairs
32. repair 32 OF Possible Repairs
33, repair 33 OF Possible Repairs
34. repair 100 OF Possible Repairs

ENONABNS

| DEMON GROUP: filename OF getfile

DEMON for saving
IF filename OF save output report <> filename OF report
THEN Save Button := TRUE

| DEMON GROUP: repair 1 OF Possible Repairs

DEMON recommendation 1

{F repair 1 OF Possible Repairs

THEN text OF result := recommendation[ 1]
AND text OF Why? text := Why[ 1]

AND action OF report IS open new

AND time := NOW

AND write line OF report .=
REPORT"

AND write line OF report := ™
AND write line OF report := CONCAT( “TIME OF RUN: *, TO STRING( time))
AND write line OF report ;=™

AND write line OF report ;=™

AND write fine OF report := CONCAT( *The substructure unit with a probfet
mis: ", TO STRING( substructure unit with problem))

AND write fine OF report := CONCAT( "The footing is: *, TO STRING( footi\

"PIER FOOTING EXPERT SYSTEM OUTPUT

ng))

AND write line OF report := CONCAT( "The cause of the problem is: ", TO\
STRING( cause OF Spread Footing Problem))

AND write line OF report := CONCAT( "The distance the footing is horizen\
tally mislocated

due to the cofferdam interference is: “, TO STRING( horizontal mislocati
jon), text OF units1)

AND write line OF report :
AND write line OF report :
AND write line OF report :
AND write line OF report :
AND write fine OF report := recommendationf 1]
AND action OF report IS close

“Conclusions & Recommendations *

| DEMON GROUP: repair 2 OF Possible Repairs

DEMON recommendation 2

IF repair 2 OF Possible Repairs

THEN text OF result := recommendation[ 2}
AND text OF Why? text := Why[ 2]

AND action OF report IS open new

AND time := NOW

AND write line OF report .=
REPORT"

AND write line OF report ;=™
AND write line OF report := CONCAT( "TIME OF RUN: *, TO STRING( time}))
AND write line OF report :=™
AND write tine OF report
AND write line OF report := CONCAT( "The substructure unit with a proble\
mis: ", TO STRING( substructure unit with problem))

"PIER FOOTING EXPERT SYSTEM OUTPUT
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AND write line OF report := CONCAT( "The footing is: “, TO STRING( footi
ng))

AND write line OF report := CONCAT( "The cause of the problem is: ", TO\
STRING( cause OF Spread Footing Problem))

AND write line OF report := CONCAT( "The distance the footing is horizon\
tally mislocated

due to the cofferdam interference is: ", TO STRING( horizontal mislocat\
ion), text OF units1)

AND write line OF report ;="

AND write line OF report:=""

AND write line OF report := "Conclusions & Recommendations "

AND write line OF report :=""
AND write line OF report := recommendation{ 2]
AND action OF report IS close

| DEMON GROUP: repair 3 OF Possible Repairs

DEMON recommendation 3

IF repair 3 OF Possible Repairs

THEN text OF result := recommendation[ 3]
AND text OF Why? text := Why[ 3]

AND action OF report IS open new

AND time := NOW

AND write line OF report :=
REPORT"

AND write line OF report .= **
AND write line OF report := CONCAT( "TIME OF RUN: ", TO STRING( time))
AND write line OF repo .
AND write line OF repol
AND write line OF report := CONCAT( 'The substructure unit with a problel
mis: ", TO STRING( substructure unit with problem))

AND write line OF report := CONCAT( *The footing is: ", TO STRING( footi\
ng))

AND write line OF report := CONCAT('The cause of the problem is: ", TO\
STRING( cause OF Spread Footing Problem))

AND write line OF report:=""

AND write line OF report := ™"

AND write line OF report := "Conclusions & Recommendations "

AND write line OF report :=""

AND write line OF report := recommendation[ 3]

AND action OF report IS close

"PIER FOOTING EXPERT SYSTEM OUTPUT

I DEMON GROUP: repair 4 OF Possible Repairs

DEMON recommendation 4

IF repair 4 OF Possible Repairs

THEN text OF result := recommendation{ 4]
AND text OF Why? text := Why[ 4]

AND action OF report IS open new

AND time := NOW

AND write line OF report :=
REPORT"

AND write line OF report .= ™
AND write tine OF report := CONCAT("TIME OF RUN: *, TO STRING( time))
AND write line OF report ;=™

AND write line OF report := "

AND write line OF report := CONCAT( "The substructure unit with a proble\
mis: ", TO STRING( substructure unit with problem)}

AND write fine OF report := CONCAT( "The footing is: *, TO STRING( footit
ng))

AND write line OF report := CONCAT('The cause of the problem is: ", TO\
STRING( cause OF Spread Footing Problem))

AND write line OF report:=""

AND write line OF report :
AND write line OF seport :
AND write line OF report :
AND write line OF report ;= recommendation{ 4)
AND action OF repart IS close

“PIER FOOTING EXPERT SYSTEM OUTPUT

"Conclusions & Recommendations "

{ DEMON GROUP: repair 5 OF Possible Repairs

DEMON recommendation 5

IF repair 5 OF Possible Repairs

THEN text OF result := recommendation[ 5]
AND text OF Why? text := Why[ 5]

AND action OF report IS open new

AND time := NOW

AND write line OF report :=
REPORT"

AND write line OF report :=
AND write line OF report := CONCAT("TIME OF RUN: *, TO STRING( time))
AND write line OF report .= *

AND write line OF report ;= ™

AND write fine OF report := CONCAT( "The substructure unit with a proble\
mis: *, TO STRING( substructure unit with problemj)

AND write line OF report := CONCAT("The footing is: ", TO STRING( footit
ng)) .

AND write fine OF report := CONCAT( “The cause of the problem is: ", TO\
STRING( cause OF Spread Footing Problem))

"PIER FOOTING EXPERT SYSTEM OUTPUT



AND write line OF report := CONCAT( “The bridge is: *, TO STRING( Bridge\

]

AND write line OF report :
AND write line OF report
AND write line OF report
AND write line OF report :
AND write line OF report := recommendation[ 5}
AND action OF report IS close

"Conclusions & Recommendations "

1 DEMON GROUP: repair 8 OF Possible Repairs

DEMON recommendation 6

IF repair 6 OF Possible Repairs

THEN text OF result := recommendation[ 6}
AND text OF Why? text := Why[ 6]

AND action OF report IS open new

AND time := NOW

AND write line OF report :=
REPORT"

AND write line OF report := *
AND write line OF report := CONCAT(“TIME OF RUN: *, TO STRING( time))
AND write line OF report
AND write line OF report
AND write line OF report := CONCAT( "The substructure unit with a proble\
mis: “, TO STRING( substructure unit with problem))

AND write line OF report := CONCAT( "The footing is: *, TO STRING( footi\

"PIER FOOTING EXPERT SYSTEM QUTPUT

ng))

AND write line OF report := CONCAT( "The cause of the problem is: ", TO\
STRING( cause OF Spread Footing Problem)}

AND write line OF report := CONCAT( “The bridge is: *, TO STRING( Bridge\

AND write line OF report :
AND write line OF report :
AND write line OF report :
AND write line OF report :
AND write line OF report ;= recommendation( 6]
AND action OF report IS close

"

"Conclusions & Recommendations "

1 DEMON GROUP: repair 7 OF Possible Repairs

DEMON recommendation 7

IF repair 7 OF Possible Repairs

THEN text OF result := recommendation[ 7]
AND text OF Why? text := Why[ 7]

AND action OF report IS open new

AND time := NOW

AND write line OF report .=
REPORT"

AND write tine OF report := "
AND write line OF report ;= CONCAT( "TIME OF RUN: ", TO STRING( time))
AND write line OF report := ™
AND write line OF report := "™

AND write line OF report := CONCAT( "The substructure unit with a proble\
mis: ", TO STRING( substructure unit with problem))

AND write line OF report := CONCAT( “The footing is: ¥, TO STRING( footit
ng))

AND write line OF report := CONCAT("The cause of the problem is: ", TO\
STRING( cause OF Spread Footing Problem))

AND write line OF report ;= CONCAT( "A probe hole was: ¥, TO STRING( Pro\
be Hole))

AND write line OF report := CONCAT( "The depth to sound material is: ", \
TO STRING( depth to sound material), text OF units8)

AND write line OF report 1= "

AND write line OF report :=""

AND write line OF report
AND write line OF report
AND write line OF report := recommendation[ 7]
AND action OF report IS close

“PIER FOOTING EXPERT SYSTEM QUTPUT

“Conclusions & Recommendations "

| DEMON GROUP: repair 8 OF Possible Repairs

DEMON recommendation 8

IF repair 8 OF Possible Repairs

THEN text OF result := recommendation[ 8]

AND text OF Why? text := Why{ 8]

AND action OF report IS open new

AND time := NOW

AND write line OF report := "PIER FOOTING EXPERT SYSTEM OUTPUT
REPORT"

AND write line OF report := ™

AND write line OF report := CONCAT("TIME OF RUN: “, TO STRING( time))

AND write line OF report := ™

AND write line OF report
AND write line OF report := CONCAT( "The substructure unit with a proble\
mis: ", TO STRING( substructure unit with problem))

AND write line OF report := CONCAT( "The footing is: “, TO STRING( footi\
ng))

AND write line OF report := CONCAT( “The cause of the problem is: ", TO\
STRING( cause OF Spread Footing Problem))
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AND write line OF report := CONCAT( “A probe hole was: ", TO STRING{ Pro\
be Hole))

AND write line OF report := CONCAT( "The depth to sound material is: *, \
TO STRING( depth to sound material), text OF units8)

AND write line OF report := " "

AND write line OF report *

AND write line OF report ;= "Conclusions & Recommendations "

AND write line OF report := " "

AND write line OF report ;= recommendation[ 8]

AND action OF report IS close

| DEMON GROUP: repair 9 OF Possible Repairs

DEMON recommendation 9

IF repair 9 OF Possible Repairs

THEN text OF result := recommendation[ 9]

AND text OF Why? text := Why| 9]

AND action OF report IS open new

AND time := NOW

AND write line OF report ;= "PIER FOOTING EXPERT SYSTEM OUTPUT
REPORT"

AND write line OF report := "

AND write line OF report := CONCAT( “TIME OF RUN: “, TO STRING( time}))
AND write line OF report :=
AND write line OF report := ™

AND write line OF report := CONCAT( "The substructure unit with a proble\
mis: ", TO STRING( substructure unit with problem))

AND write fine OF report := CONCAT( “The footing is: ", TO STRING( footi\
ng))

AND write line OF repost := CONCAT( "The cause of the problem is: ", TO\
STRING( cause OF Spread Footing Problem))

AND wiite line OF report := CONCAT( “A probe hole was: *, TO STRING( Pro\
be Hole))

AND write line OF report :
AND write line OF report :
AND write line OF report :
AND write line OF report :
AND write tine OF report := recommendation{ 7]
AND action OF report iS close

o u

"Conclusions & Recommendations

1 DEMON GROUP: repair 10 OF Possible Repairs

DEMON recommendation 10

IF repair 10 OF Possible Repairs

THEN text OF result := recommendation[ 10}

AND text OF Why? text := Why[ 2]

AND action OF report IS open new

AND time := NOW

AND write fine OF report := "PIER FOOTING EXPERT SYSTEM OUTPUT
REPORT"

AND write line OF report :
AND wrrite tine OF report :
AND write line OF report :
AND write line OF report .= ™

AND write line OF report := CONCAT("The substructure unit with a proble\
mis: *, TO STRING( substructure unit with problem))

AND write line OF report := CONCAT( "The footing is: *, TO STRING( footi\
ng))

AND write fine OF report := CONCAT( " The cause of the problem is: “, TO\
STRING( cause OF Pile Footing Pile Bent Problem))

AND write line OF report := CONCAT( "The horizonta! mislocation is: *, \
TO STRING( horizontal mislocation), text OF units1)

AND write line OF report := CONCAT( *The actual pile spacing is: “, TO S\
TRING( spacing OF Pile), text OF units5)

AND write line OF report := CONCAT( "The actual edge distance is: “, TO\
STRING( edge distance OF Pile), text OF units6)

AND write line OF report := CONCAT( "The diameter or width of the pile it
s: * TO STRING( diameter_width OF Pilg), text OF units4)

AND write line OF report := CONCAT( "The length of the pile is: *, TO ST\
RING( length OF Pile), text OF units3)

AND write line OF report :=* "
AND write line OF report *
AND write line OF report
AND write line OF report :
AND write line OF report := recommendation{ 10}
AND action OF report IS close

CONCAT(*TIME OF RUN: ", TO STRING( time))

Inowown

1

Conclusions & Recommendations "
"

1 DEMON GROUP: repair 11 OF Possible Repairs

DEMON recommendation 11

IF repair 11 OF Possible Repairs

THEN text OF result ;= recommendation[ 11]
AND text OF Why? text := Why[ 11]

AND action OF report IS open new

AND time := NOW

AND write line OF report :=
REPORT"

AND write line OF report .= ™
AND write line OF report := CONCAT( '"TIME OF RUN: ", TO STRING{ time))

"PIER FOOTING EXPERT SYSTEM OUTPUT



™

AND write line OF report :=
AND write fine OF report := ™

AND write line OF report := CONCAT( "The substructure unit with a proble\
mis: *, TO STRING( substructure unit with problem))

AND write line OF report := CONCAT( "The footing is: , TO STRING( footi\
ng))

AND write line OF report := CONCAT( " The cause of the problem is: ", TO\
STRING( cause OF Pile Footing Pile Bent Problem))

AND write line OF report := CONCAT( "The horizontal mislocation is: “,\
TO STRING( horizontal mislocation), text OF units1)

AND write line OF report := CONCAT( "The actual pile spacing is: *, TO S\
TRING( spagcing OF Pile), text OF units5)

AND write line OF report := CONCAT("The actual edge distance is:
STRING( edge distance OF Pile), text OF units6)

AND write line OF report := CONCAT( “The diameter or width of the pile i\
s: * TO STRING( diameter_width OF Pile), text OF units4)

AND write line OF report := CONCAT( 'The length of the pile is: *, TO ST\
RING( length OF Pile), text OF units3)

AND write line OF report :=""

AND write line OF report g

AND write line OF report := "Conclusions & Recommendations "

AND write line OF report :=""

AND write line OF report := recommendation[ 11]

AND action OF report IS close

“ T

| DEMON GROUP: repair 12 OF Possible Repairs

DEMON recommendation 12

IF repair 12 OF Possible Repairs

THEN text OF result := recommendation{ 12]
AND text OF Why? text := Why[ 12]

AND action OF report IS open new

AND time := NOW

AND write line OF report .=
REPORT"

AND write line OF report :
AND write line OF report -
AND write line OF report :
AND write tine OF report :
AND write fine OF report := CONCAT( “The substructure unit with a proble\
mis: ", TO STRING( substructure unit with problem))

AND write fine OF report := CONCAT( “The footing is: ", TO STRING( footi\
ng))

AND write line OF report := CONCAT( " The cause of the problem is: ", TO\
STRING( cause OF Pile Footing Pile Bent Problem))

AND write line OF report := CONCAT{ "The horizontal mislocation is: ", \
TO STRING( horizontal mistocation), text OF units1)

AND write line OF report := CONCAT( “The actual pile spacing is: ", TO S\
TRING( spacing OF Pile), text OF units5)

AND write line OF report := CONCAT( "The actual edge distance is: *, TO\
STRING( edge distance OF Pile), text OF units6)

AND write line OF report := CONCAT( "The diameter or width of the pile i
s: " TO STRING( diameter_width OF Pile), text OF units4)

AND write tine OF report := CONCAT( 'The length of the pile is: *, TO ST\
RING( length OF Pile), text OF units3)

AND write line OF report :=**

AND write line OF report :
AND write line OF report :
AND write line OF report :=""

AND write line OF report := recommendation[ 12]
AND action OF report IS close

“PIER FOOTING EXPERT SYSTEM OUTPUT

CONCAT( "TIME OF RUN: ", TO STRING( time})

"Conclusions & Recommendations ”

oo

| DEMON GROUP: repair 13 OF Possible Repairs

DEMON recommendation 13

IF repair 13 OF Possible Repairs

THEN text OF result := recommendation[ 13]
AND text OF Why? text := Why[ 13]

AND action OF report IS open new

AND time := NOW

AND write line OF report .=
REPORT"

AND write line OF report :
AND write line OF report :
AND write line OF report :
AND write line OF report := ™

AND write line OF report := CONCAT("The substructure unit with a proble\
mis: * TO STRING( substructure unit with problem))

AND write line OF report := CONCAT("The footing is: ", TO STRING( footi\
ng))

AND write line OF report := CONCAT( " The cause of the problem is: ", TO\
STRING( cause OF Pile Footing Pile Bent Problem))

AND write line OF report := CONCAT( "The horizontal mislocation is: ", \
TO STRING( horizontal mislocation), text OF units1)

AND write line OF report := CONCAT( “The actual pile spacing is: ", TO S\
TRING( spacing OF Pile), text OF units5)

AND write line OF report := CONCAT( “The actual edge distance is: *, TO\
STRING( edge distance OF Pile), text OF units6)

AND write line OF report := CONCAT( "The diameter or width of the pile it

"PIER FOOTING EXPERT SYSTEM OUTPUT

CONCAT(“TIME OF RUN: *, TO STRING( time))

_ AND write tine OF report .=
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s: " TO STRING( diameter_width OF Pile), text OF units4)

AND write line OF report := CONCAT("The length of the pile is: *, TO ST\
RING( length OF Pile), text OF units3)

AND write line OF report :=""
AND write line OF report :
AND write line OF report := “Conclusions & Recommendations "
AND write line OF report :=""

AND write line OF report := recommendation[ 13]

AND action OF report IS close

| DEMON GROUP: repair 14 OF Possible Repairs

DEMON recommendation 14

IF repair 14 OF Possible Repairs

THEN text OF result := recommendation[ 14}
AND text OF Why? text := Why[ 14]

AND action OF report IS open new

AND time := NOW

AND write line OF report :=
REPORT"

AND write line OF report := ™
AND write line OF report := CONCAT(*TIME OF RUN: ", TO STRING( time))
AND write line OF report =™
AND write line OF report .= "

AND write line OF report := CONCAT( “The substructure unit with a proble\
mis: “, TO STRING( substructure unit with problem))

AND write line OF report := CONCAT( "The footing is: *, TO STRING( footi\
ng)

AND write line OF report := CONCAT( " The cause of the problem is: ", TO\
STRING( cause OF Pile Footing Pile Bent Problem))

AND write line OF report := CONCAT( "The horizontal mislocation is: ", \
TO STRING( horizontal misfocation), text OF unitst)

AND write line OF report := CONCAT("The actual pile spacing is: *, TO S\
TRING( spacing OF Pile), text OF units5)

AND write line OF report := CONCAT( "The actual edge distance is: ", TO\
STRING( edge distance OF Pile), text OF units6)

AND write line OF report := CONCAT( ‘The diameter or width of the pile it
s ", TO STRING( diameter_width OF Pile), text OF units4)

AND write line OF report := CONCAT(*The length of the pile is: *, TO ST\
RING( length OF Pile), text OF units3)

AND write fine OF report:=""
AND write line OF report
AND write tine OF report
AND write line OF report :=
AND wirite line OF report := recommendation{ 14]

AND agction OF report IS close

“PIER FOOTING EXPERT SYSTEM OUTPUT

"Conclusions & Recommendations *
!

| DEMON GROUP: repair 15 OF Possible Repairs

DEMON recommendation 15

IF repair 15 OF Possible Repairs

THEN text OF result := recommendation{ 15]

AND text OF Why? text := Why[ 15]

AND action OF report IS open new

AND time := NOW

AND write line OF report := "PIER FOOTING EXPERT SYSTEM OUTPUT
REPORT"

uu

ONCAT(“TIME OF RUN: ", TO STRING( time))

AND write line OF report :
AND write line OF report
AND write line OF report :=
AND write line OF report := CONCAT("The substructure unit with a proble\
mis: ", TO STRING( substructure unit with problem))

AND write line OF report := CONCAT( “The footing is: ", TO STRING( footi\
ng) .

AND write line OF report ;= CONCAT( " The cause of the problem is: “, TO\
STRING( cause OF Pile Footing Pile Bent Problem))

AND write line OF report := CONCAT( "The horizontal mislocation is: ", \
TO STRING( horizontal mislocation), text OF units1)

AND write line OF report := CONCAT("The actual pile spacing is: *, TO S\
TRING( spacing OF Pile), text OF units5)

AND write line OF report := CONCAT( "The actual edge distance is: ", TO\
STRING( edge distance OF Pile), text OF units6)

AND write line OF report := CONCAT( "The diameter or width of the pile it
s: ", TO STRING( diameter_width OF Pile), text OF units4)

AND write line OF report := CONCAT( "The length of the pile is: ”, TO ST\
RING( length OF Pile}, text OF units3)

AND write tine OF report:=" "
AND write line OF report :
AND write tine OF report :
AND write line OF report :
AND write line OF report := recommendation[ 15]
AND action OF report IS close

"Conclusions & Recommendations "

oo

{ DEMON GROUP: repair 16 OF Possible Repairs

DEMON recommendation 16
IF repair 16 OF Possible Repairs
THEN text OF result := recommendation[ 16]



AND text OF Why? text := Why[ 16]

AND action OF report IS open new

AND time := NOW

AND write line OF report := "PIER FOOTING EXPERT SYSTEM OUTPUT
REPORT"

AND write line OF report
AND write line OF report
AND write line OF report
AND write line OF report :=""

AND write line OF report := CONCAT( "The substructure unit with a probie\
mis: *, TO STRING( substructure unit with problem))

AND write line OF report := CONCAT( "The footing is: , TO STRING( footi\

ng))

CONCAT( "TIME OF RUN: ", TO STRING( time))

AND write line OF report := CONCAT( " The cause of the problem is: *, TO\
STRING( cause OF Pile Footing Pile Bent Problem))

AND write line OF report := CONCAT( "The horizontal mislocation is: “,\
TO STRING( horizontal mistocation), text OF units1)

AND write fine OF report := CONCAT( “The actual pile spacing is: *, TO S\

TRING( spacing OF Piie), text OF unitsS) .

AND write line OF report := CONCAT("The actual edge distance is: ", TO\

STRING( edge distance OF Pile), text OF units6)

AND write line OF report := CONCAT( "The diameter or width of the pile i\
" TO STRING( diameter_width OF Pile), text OF units4)

AND write line OF report := CONCAT( “The length of the pile is: *, TO ST\

RING( length OF Pile), text OF units3)

AND write line OF report:=""

AND write line OF report

AND write line OF report

AND write line OF report

AND wiite line OF report := recommendation 16]

AND action OF report IS close

'Conclusions & Recommendations "
"

t DEMON GROUP: repair 17 OF Possible Repairs

DEMON recommendation 17

IF repair 17 OF Possible Repairs

THEN text OF result := recommendation[ 17]

AND text OF Why? text := Why[ 17]

AND action OF report IS open new

AND time := NOW

AND write line OF report := "PIER FOOTING EXPERT SYSTEM OUTPUT

. REPORT"

AND write line OF report := "

AND write fine OF report := CONCAT( "TIME OF RUN: ", TO STRING( time))

AND write line OF report := ™

AND write line OF report

AND write line OF report := CONCAT( "The substructure unit with a problet

mis: ", TO STRING( substructure unit with problem))

AND write line OF report := CONCAT( "The footing is: ", TO STRING( footi\

ng))

AND write fine OF report := CONCAT( " The cause of the problem is: ", TO\

STRING( cause OF Pile Footing Pile Bent Problem))

AND write line OF report := CONCAT( “The horizontal mislocation is: ", \

TO STRING( horizontal mislocation), text OF units1)

AND write line OF report := CONCAT('The actual pile spacing is: ",

TRING( spacing OF Pile), text OF units5)

AND write fine OF report := CONCAT( "The actual edge distance is: ", TO\

STRING( edge distance OF Pilg), text OF units6)

AND write line OF report := CONCAT( "The diameter or width of the pite i
s * TO STRING( diameter_width OF Pile}, text OF unitsd)

AND write line OF report := CONCAT( "The iength of the pile is: ",

RING( length OF Pile), text OF units3)

AND write line OF report :=""

AND write line OF report :=""

AND write line OF report := “Conclusions & Recommendations *

AND write line OF report "

AND write line OF report := recommendation{ 17}

AND action OF report IS close

TO S\

TOSN

| DEMON GROUP: repair 18 OF Possible Repairs

DEMON recommendation 18

{F repair 18 OF Possible Repairs

THEN text OF resutt := recommendation[ 18]

AND text OF Why? text := Why[ 18]

AND action OF report IS open new

AND time := NOW

AND write fine OF report := "PIER FOOTING EXPERT SYSTEM OUTPUT
REPORT"

AND write line OF report :=**

AND write line OF report := CONCAT( *TIME OF RUN: *, TO STRING( time))

AND write line OF report :
AND write line OF report := "

AND write line OF report := CONCAT( "The substructure unit with a proble\
mis: ", TO STRING( substructure unit with problem))

AND write line OF report := CONCAT( "The footing is: ", TO STRING( footit

ng)) :
AND write line OF report := CONCAT( " The cause of the problem is: *, TO\
STRING( cause OF Pile Footing Pile Bent Problem))
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AND write line OF report := CONCAT( "The horizonta! mislocation is: “,\

TO STRING( horizontal mislocation), text OF units1)

AND write line OF report := CONCAT( "The actual pite spacing is: ", TO S\

TRING( spacing OF Pile), text OF unitsS5)

AND write line OF report := CONCAT( "The actual edge distance is: *, TO\

STRING{ edge distance OF Pile), text OF units6)

AND write fine OF report := CONCAT( "The diameter or width of the pile i\
: % TO STRING( diameter_width OF Pile), text OF unitsd)

AND write fine OF report := CONCAT( *The length of the pile is: ¥, TO ST\

RING( fength OF Pile), text OF units3)

AND write line OF report :=""

AND write line OF report :

AND write line OF report :

AND write line OF report :

AND write line OF report := recommendation[ 18]

AND action OF report IS close

"Conclusions & Recommendations ”

{ DEMON GROUP: repair 19 OF Possible Repairs

DEMON recommendation 19

IF repair 19 OF Possible Repairs

THEN text OF result := recommendation[ 16]

AND text OF Why? text := Why[ 18]

AND action OF report IS open new

AND time = NOW

AND write line OF report := "PIER FOOTING EXPERT SYSTEM OUTPUT
REPORT"

AND write line OF report :
CONCAT( "TIME OF RUN: ", TO STRING( time))

AND write line OF report
AND write line OF report
AND write tine OF report :
AND write line OF report := CONCAT( "The substructure unit with a proble\
mis: ", TO STRING( substructure unit with problem))

AND write line OF report := CONCAT( "The footing is: ¥, TO STRING( footil
ng))

AND write line OF report := CONCAT( " The cause of the problem is: *, TO\
STRING( cause OF Pite Footing Pile Bent Problem))

AND write line OF report := CONCAT( “The horizontal mislocation is: ", \
TO STRING( horizontal mislocation), text OF units1)

AND write line OF report := CONCAT( "The actual pile spacing is: “, TO S\
TRING( spacing OF Pile), text OF units5)

AND write line OF report := CONCAT( "The actual edge distance is: *,
STRING( edge distance OF Pile), text OF units6)

AND write line OF report := CONCAT( "The diameter or width of the pile i\
s: " TO STRING( diameter_width OF Pile), text OF units4)

AND write line OF report := CONCAT( "The length of the pile is: ",
RING( length OF Pile), text OF units3)

AND write line OF report :=
AND write iine OF report
AND write line OF report
AND write line OF report
AND write line OF report := recommendation 19]
AND action OF report IS close

TO\

TO ST

‘Conclusions & Recommendations
“

| DEMON GROUP: repair 20 OF Possible Repairs

DEMON recommendation 20

IF repair 20 OF Possible Repairs

THEN text OF result := recommendation[ 20]

AND text OF Why? text := Why[ 20]

AND action OF report IS open new

AND time := NOW

AND write line OF report := "PIER FOOTING EXPERT SYSTEM OUTPUT

REPORT"

AND write line OF report ;= "™

AND write line OF report CONCAT( *TIME OF RUN: ", TO STRING( time))

AND write line OF report

AND write line OF report

AND write line OF report := CONCAT( "The substructure unit with a problet

mis; *, TO STRING( substructure unit with problem))

AND write fine OF report := CONCAT( "The footing is: ", TO STRING( footi\

ng))

AND write line OF report := CONCAT( " The cause of the problem is: *, TO\

STRING( cause OF Pile Footing Pile Bent Problem))

AND write line OF report := CONCAT( “The horizontal mislocation is: ", \

TO STRING( horizental mislocation), text OF units1)

AND write line OF report := CONCAT("The actual pile spacing is: *,

TRING( spacing OF Pile), text OF units5)

AND write line OF report := CONCAT( "The actual edge distance is: ",

STRING( edge distance OF Pile), text OF units6)

AND write line OF report := CONCAT( "The diameter or width of the pile it
s: ", TO STRING( diameter_width OF Pile), text OF units4)

AND write line OF report := CONCAT( "The length of the pile is: “, TO ST\

RING( length OF Pile), text OF units3)

AND write line OF report :

AND write fine OF report

AND write fine OF report

AND write line OF report :

AND write line OF report := recommendation[ 20]

TO S\
TO

"Conclusions & Recommendations "
‘e




AND action OF report IS close
{ DEMON GROUP: repair 21 OF Possible Repairs

DEMON recommendation 21

IF repair 21 OF Possible Repairs

THEN text OF result := recommendation{ 21}

AND text OF Why? text := Whyf 21]

AND action OF report IS open new

AND time := NOW

AND write line OF report := "PIER FOOTING EXPERT SYSTEM OUTPUT
REPORT"

AND write line OF report .
AND write line OF report :
AND write line OF report :
AND write line OF report :
AND write line OF report ;= CONCAT( "The substructure unit with a proble\
mis: *, TO STRING( substructure unit with problem))

AND write line OF report := CONCAT( "The footing is: ", TO STRING( footit
ng))

AND write fine OF report := CONCAT( " The cause of the problem is: ", TO\
STRING( cause OF Pile Footing Pile Bent Problem))

AND write line OF report := CONCAT( "The horizontai mislocation is: ", \
TO STRING( horizontal mislocation), text OF units1)

AND write line OF report := CONCAT( "The actual pile spacing is: ", TO S\
TRING( spacing OF Pile), text OF units5)

AND write fine OF report := CONCAT("The actual edge distance is: *, TO\
STRING( edge distance OF Pile), text OF units6)

AND write fine OF report := CONCAT('The diameter or width of the pile it
s: “ TO STRING( diameter_width OF Pile}, text OF units4)

AND write line OF report := CONCAT( “The length of the pite is: *, TO ST\
RING( length OF Pile), text OF units3)

AND write line OF report :=""

AND write line OF report :
AND write line OF report :
AND write line OF report :
AND write line OF report := recommendation| 21]
AND action OF report IS close

CONCAT( “TIME OF RUN: ", TO STRING( time})

"Conclusions & Recommendations "
..

1 DEMON GROUP: repair 22 OF Possible Repairs

DEMON recommendation 22

IF repair 22 OF Possible Repairs

THEN text OF result := recommendation] 22]

AND text OF Why? text := Why[ 22]

AND action OF report IS open new

AND time := NOW

AND write line OF report := “PIER FOOTING EXPERT SYSTEM OUTPUT
REPORT"

AND write tine OF report :=™

AND write line OF report := CONCAT("TIME OF RUN: “, TO STRING(time))
AND write line OF report := "
AND write line OF report
AND write line OF report := CONCAT( “The substructure unit with a problel
mis: ", TO STRING( substructure unit with problem))

AND write line OF report := CONCAT( "The footing is: *, TO STRING( footi\
ng))

AND write fine OF report :== CONCAT( " The cause of the problem is: ", TOU
STRING( cause OF Pile Footing Pile Bent Problem))

AND write line OF report := CONCAT( “The horizontal mislocation is: ", \
TO STRING( horizontat mistocation), text OF units1)

AND write line OF report := CONCAT( "The actual pile spacing is: ", TO S\
TRING( spacing OF Pile), text OF units5)

AND write line OF report := CONCAT( "The actual edge distance is: *, TO\
STRING( edge distance OF Pile), text OF units6)

AND write fine OF report := CONCAT("The diameter or width of the pile it
s: " TO STRING( diameter_width OF Pile}, text OF units4)

AND write line OF report := CONCAT( "The length of the pile is: ", TO ST\
RING( length OF Pile), text OF units3)

AND write line OF report :=*"
AND write line OF report
AND write line OF report
AND write line OF report
AND write line OF report := recommendation( 22]
AND action OF report IS close

Conclusions & Recommendations "
"

| DEMON GROUP: repair 23-OF Possible Repairs

DEMON recommendation 23

IF repair 23 OF Possible Repairs

THEN text OF result := recommendation[ 23]

AND text OF Why? text := Why] 23]

AND action OF report IS open new

AND time := NOW

AND write line OF report := "PIER FOOTING EXPERT SYSTEM OUTPUT
REPORT"

AND write line OF report := ™

AND write line OF report := CONCAT(*TIME OF RUN: “, TO STRING( time}))
AND write line OF report := "™

AND write line OF report := ™

AND write line OF report := CONCAT( "The substructure unit with a problet
mis: ", TO STRING( substructure unit with problem))

AND write line OF report := CONCAT( "The footing is: , TO STRING( footi\
ng)) )

AND write line OF report := CONCAT( " The cause of the problem is: *, TO\
STRING( cause OF Pile Footing Pile Bent Problem))

AND write line OF report := CONCAT('The horizontal mislocation is: ", \
TO STRING( horizontal mislocation), text OF units1)

AND write line OF report := CONCAT( "The actual pite spacing is: ", TO St
TRING( spacing OF Pile}, text OF units5)

AND write line OF report := CONCAT{ '"The actual edge distance is: *, TO\
STRING( edge distance OF Pile), text OF units6)

AND write tine OF report := CONCAT( "The diameter or width of the pile i\
s: " TO STRING( diameter_width OF Pile), text OF units4)

AND write line OF report := CONCAT("The length of the pile is ", TO ST\
RING( length OF Pile), text OF units3)

AND write line OF report =" "

AND write fine OF report
AND write line OF report := “Conclusions & Recommendations *
AND write line OF report :=""

AND write line OF report := recommendation[ 23]

AND action OF report IS close

1 DEMON GROUP: repair 24 OF Possible Repairs

DEMON recommendation 24

IF repair 24 OF Possible Repairs

THEN text OF result := recommendation[ 24}

AND text OF Why? text := Why[ 24]

AND action OF report IS open new

AND time := NOW

AND write line OF report := "PIER FOOTING EXPERT SYSTEM OUTPUT
REPORT"

AND write tine OF report .= ™
AND write tine OF report ;= CONCAT( "TIME OF RUN: *, TO STRING( time))
AND write line OF report
AND write line OF report :
AND write line OF report := CONCAT( 'The substructure unit with a proble\
mis: “, TO STRING( substructure unit with problem))

AND write line OF report := CONCAT{ ‘The footing is: ", TO STRING( footi\

ng))

AND write line OF report ;= CONCAT( “ The cause of the problem is: ", TO\
STRING( cause OF Pile Footing Pile Bent Problem))

AND write line OF report := CONCAT( “The horizontal mislocation is: ", \
TO STRING( horizontal mislocation), text OF units1)

AND write line OF report := CONCAT( "The actual pile spacing is: ", TO S\
TRING( spacing OF Pile), text OF units5)

AND write line OF report := CONCAT( "The actual edge distance is: ", TO\
STRING( edge distance OF Pile), text OF units6)

AND write fine OF report := CONCAT( "The diameter or width of the pile it
s: " TO STRING( diameter_width OF Pile), text OF units4)

AND write line OF report := CONCAT( "The length of the pile is: ", TO ST\
RING( length OF Pile), text OF units3)

AND write line OF report := " *
AND write line OF report
AND write line OF report
AND write line OF report :=
AND write line OF report := recommendation[ 24]
AND action OF report IS close

‘Conclusions & Recommendations ”
«

| DEMON GROUP: repair 25 OF Possible Repairs

DEMON recommendation 25

IF repair 25 OF Possible Repairs

THEN text OF result := recommendation{ 25]

AND text OF Why? text := Why[ 25]

AND action OF report IS open new

AND time := NOW

AND write line OF report := "PIER FOOTING EXPERT SYSTEM OUTPUT
REPORT"

AND write tine OF report
AND write line OF report
AND write line OF report :
AND write line OF report
AND write line OF report := CONCAT( “The substructure unit with a proble\
mis: " TO STRING( substructure unit with problem))

AND write line OF report := CONCAT("The footing is: *, TO STRING( footit

CONCAT( "TIME OF RUN: ", TO STRING( time})

wonn

ng))

AND write line OF report := CONCAT( " The cause of the problem is: *, TO\
STRING( cause OF Pile Footing Pile Bent Problem))

AND write line OF report := CONCAT( ‘The horizontal mislocation is: “,\
TO STRING( horizontal misfocation), text OF units1}

AND write line OF report := CONCAT( “The actual pile spacing is: ", TO S\
TRING( spacing OF Pile}, text OF units5)

AND wite line OF report := CONCAT( “The actual edge distance is: ", TO\
STRING( edge distance OF Pile), text OF units6)

AND write line OF report := CONCAT( "The diameter or width of the pile i\
s: " TO STRING( diameter_width OF Pile), text OF units4)



AND write line OF report := CONCAT( "The length of the pile is: ", TO ST\
RING( length OF Pile), text OF units3)

AND write line OF report ;=" *

AND write line OF report ;=" "
AND write line OF report
AND write line OF report :
AND write line OF report := recommendation[ 25)
AND action OF report IS close

"Conclusions & Recommendations "
1

| DEMON GROUP: repair 26 OF Possible Repairs

DEMON recommendation 26

IF repair 26 OF Possible Repairs

THEN text OF result := recommendation[ 26)

AND text OF Why? text := Why[ 26]

AND action OF report IS open new

AND time := NOW

AND write fine OF report := “"PIER FOOTING EXPERT SYSTEM OUTPUT
REPORT"

AND write line OF report
AND write line OF report
AND write line OF report
AND write line OF report .= ™ .

AND write line OF report := CONCAT( "The substructure unit with a proble\
mis: ", TO STRING( substructure unit with problem))

AND write line OF report := CONCAT( "The footing is: ", TO STRING( footit
ng))

AND write line OF report := CONCAT( " The cause of the problem is:
STRING( cause OF Pile Footing Pile Bent Problem))

AND write line OF report := CONCAT( “The bridge is: ", TO STRING( Bridg\
e))

AND write line OF report ;= CONCAT( "The scour line is: ", TO STRING( Sc\
our Line))

AND write line OF report := CONCAT( "The depth driven below the scour I\
neis: ", TO STRING( depth below scour line), text OF units7)

AND wnte line OF report :=""

AND write line OF report :
AND write line OF report :
AND write line OF report :=
AND write line OF report := recommendation[ 26]
AND action OF report IS close

CONCAT("TIME OF RUN: ", TO STRING( time})}

", TO

“Conclusions & Recommendations “
'

1 DEMON GROUP: repair 27 OF Possible Repairs

DEMON recommendation 27

IF repair 27 OF Possible Repairs

THEN text OF result := recommendation[ 27}

AND text OF Why? text := Why| 27}

AND action OF report IS open new

AND time := NOW

AND write line OF report ;= "PIER FOOTING EXPERT SYSTEM OUTPUT
REPORT"

AND write line OF report := ™

AND write line OF report := CONCAT( "TIME OF RUN: ", TO STRING( time))
AND write line OF report := "
AND write line OF report
AND write line OF report := CONCAT( "The substructure unit with a proble\
mis: ", TO STRING( substructure unit with problem))

AND write line OF report ;= CONCAT( "The footing is: ", TO STRING( footi\

ng))

AND write line OF report := CONCAT( " The cause of the problem is: ", TO\
STRING( cause OF Pite Footing Pile Bent Problem)}

AND write line OF report := CONCAT( "The bridge is: ", TO STRING( Bridg\

e))

AND write line OF report := CONCAT( "The scour line is: ", TO STRING( Sc\
our Line))

AND write line OF report := CONCAT( "The depth driven below the scour li\
neis: “, TO STRING( depth below scour line), text OF units7)

AND wnte line OF report :=
AND write line OF report "

AND write line OF report := "Conclusions & Recommendations "
AND write line OF report "
AND write line OF report ;= recommendation[ 27}
AND action OF report IS close

{ DEMON GROUP: repair 28 OF Possible Repairs

DEMON recommendation 28

IF repair 28 OF Possible Repairs

THEN text OF result := recommendation[ 28]

AND text OF Why? text := Why[ 28]

AND action OF report IS open new

AND time := NOW

AND write line OF report := "PIER FOOTING EXPERT SYSTEM QUTPUT
REPORT"

AND write line OF report :
AND write line OF report : CONCAT( “TIME OF RUN: ", TO STRING( time))
AND write line OF report :=
AND write line OF report := ™
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AND write line OF report := CONCAT{ "The substructure unit with a proble\
mis: ", TO STRING( substructure unit with problem))
AND write line OF report := CONCAT( "The footing is: *, TO STRING( footit
ng))

AND write line OF report := CONCAT( " The cause of the problem is: *, TO\
STRING( cause OF Pile Footing Pile Bent Problem))
AND write line OF report :== CONCAT( "The bridge is:
e))

AND write line OF report := CONCAT( 'The specified length of the pile is\
:* TO STRING( length OF Pile), text OF units3)

AND write line OF report := CONCAT( "The vertical distance that the pile\
is short of plan efevation is: *, TO STRING( vertical mislocation), tex\

t OF units2)

AND write line OF report '

AND write line OF report
AND write line OF report := "Conclusions & Recommendations "
AND write line OF report :=" "

AND write tine OF report := recommendation 28]

AND action OF report IS close

“ TO STRING( Bridg\

t DEMON GROUP: repair 29 OF Possible Repairs

DEMON recommendation 29

IF repair 29 OF Possible Repairs

THEN text OF result := recommendation{ 28]

AND text OF Why? text := Why( 29}

AND action OF report iS open new

AND time := NOW

AND write line OF report := "PIER FOOTING EXPERT SYSTEM OUTPUT
REPORT"

AND write line OF report ;=™

AND write line OF report := CONCAT("TIME OF RUN: *, TO STRING( time))
AND write line OF report := ™

AND write line OF report ;= ™

AND write line OF report := CONCAT( '"The substructure unit with a proble\
mis. *, TO STRING( substructure unit with problem))
AND write line OF report := CONCAT( "The footing is: ",
ng))

AND write line OF report := CONCAT(" The cause of the problem is: ",
STRING( cause OF Pile Footing Pile Bent Problem))

AND write line OF report := CONCAT( "The bridge is: ", TO STRING( Bridg\
e)

AND write line OF report := CONCAT( "The specified length of the pile is\

- " TO STRING( length OF Pile), text OF units3)

AND write tine OF report ;= CONCAT( "The vertical distance that the pile\

is short of plan elevation is: *, TO STRING( vertical mistocation), tex\

t OF units2)

AND write line OF report :
AND write line OF report :
AND write line OF report :
AND write line OF report :
AND write tine OF report := recommendation[ 29}
AND action OF report IS close

TO STRING( footit
TO\

= "Conclusions & Recommendations "

{ DEMON GROUP: repair 30 OF Possible Repairs

DEMON recommendation 30

IF repair 30 OF Possible Repairs

THEN text OF resuit := recommendation[ 30}

AND text OF Why? text := Why{ 30]

AND action OF report IS open new

AND time := NOW

AND write fine OF report := "PIER FOOTING EXPERT SYSTEM OUTPUT
REPORT"

AND write line OF report := "

AND write line OF report := CONCAT( "TIME OF RUN: ", TO STRING( time))
AND write line OF report
AND write line OF report
AND write line OF report := CONCAT( "The substructure unit with a proble\
mis: ", TO STRING{ substructure unit with problem))

AND write line OF report := CONCAT( "The footing is: *, TO STRING( footi\
ng))

AND write line OF report := CONCAT( " The cause of the problem is:
STRING( cause OF Pile Footing Pile Bent Problem))

AND write line OF report := CONCAT( ‘The pile resistance is: ", TO STRI\
NG( resistance OF Pile))
AND write line OF report :=
AND write line OF report
AND write line OF report
AND write line OF report
AND write line OF report ;= recommendation[ 30]
AND action OF report IS close

", TO\

'Conclusions & Recommendations *
"

| DEMON GROUP: repair 31 OF Possible Repairs

DEMON recommendation 31

IF repair 31 OF Possible Repairs

THEN text OF result := recommendation{ 31}
AND text OF Why? text := Why[ 31]



AND action OF report IS open new
AND time := NOW

AND write line OF report .=
REPORT"

AND write line OF report := ™
AND write line OF repart := CONCAT( "TIME OF RUN: *, TO STRING( time))
AND write line OF report :
AND write line OF report :
AND write line OF report := CONCAT( ‘The substructure unit with a proble
mis: " TO STRING( substructure unit with problem))

AND write line OF report := CONCAT( "The footing is: *, TO STRING( footit

"PIER FOOTING EXPERT SYSTEM OUTPUT

ng))

AND write line OF report := CONCAT( " The cause of the problem is: ", TO\
STRING{ cause OF Pile Footing Pile Bent Problem))

AND write fine OF report ;= CONCAT( “The bridge is: *, TO STRING( Bridg\
e))

AND write line OF report ;= CONCAT( "The specified length of the pile is\
:* TO STRING( length OF Pile), text OF units3)

AND write line OF report :=""

AND write line OF report '

AND write line OF report := “Conclusions & Recommendations "

AND write line OF report g

AND write line OF report := recommendation[ 31]

AND action OF report IS close

| DEMON GROUP: repair 32 OF Possible Repairs

DEMON recommendation 32

IF repair 32 OF Possible Repairs

THEN text OF result := recommendation[ 32]
AND text OF Why? text := Why[ 32]

AND action OF report IS open new

AND time := NOW

AND write line OF report =
REPORT"

AND write line OF report :=
AND wrrite line OF report .=

"PIER FOOTING EXPERT SYSTEM OUTPUT

CONCAT( “TIME OF RUN: ", TO STRING( time))

AND write line OF report :
AND write line OF report := ™

AND write line OF report := CONCAT( “The substructure unit with a proble
mis: ¥ TO STRING( substructure unit with problem))

AND write line OF report := CONCAT( "The footing is: *, TO STRING( footit
ng))

AND write line OF report := CONCAT( " The cause of the problem is: *, TO\
STRING( cause OF Pile Footing Pile Bent Problem)}

AND write line OF report := CONCAT( "The bridge is: ", TO STRING( Bridg\
e)}

AND write line OF report := CONCAT( "The specified length of the pile is\
" TO STRING( length OF Pile), text OF units3)

AND write line OF report .= * "

AND write line OF report ="

AND write line OF report := "Conclusions & Recommendations "

AND write line OF report :=""

AND write line OF report := recommendation[ 32]

AND action OF report IS close

| DEMON GROUP: repair 33 OF Possible Repairs

DEMON recommendation 33

IF repair 33 OF Possible Repairs

THEN text OF result := recommendation{ 33]
AND text OF Why? text := Why[ 33]

AND action OF report IS open new

AND time := NOW

AND write tine OF report .=
REPORT"

AND write line OF report .=
AND write line OF report := CONCAT( "TIME OF RUN: ", TO STRING( time))
AND write line OF report := ™

AND write line OF report .=
AND write line OF report := CONCAT( "The substructure unit with a proble\
mis: *, TO STRING({ substructure unit with problem})

AND write line OF report := CONCAT(“The footing is: *, TO STRING( footit
ng))

AND write line OF report := " "

AND write fine OF report := " "

AND write line OF report
AND write line OF report :
AND write line OF report := recommendation{ 33]
AND action OF report IS close

"PIER FOOTING EXPERT SYSTEM OUTPUT

e

'Conclusions & Recommendations “
"

1 DEMON GROUP: repair 100 OF Possible Repairs

DEMON recommendation 100

IF repair 100 OF Possible Repairs

THEN text OF resuit := recommendation[ 100}
AND text OF Why? text := Why[ 100]

AND action OF report IS open new

AND time := NOW
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AND write line OF report := "PIER FOOTING EXPERT SYSTEM OUTPUT
REPORT"

AND write line OF report :
AND write line OF report :
AND write line OF report :
AND write line OF report :=
AND write line OF report :
AND write line OF report :
AND write line OF report := recommendation[ 100]
AND action OF report IS close

CONCAT( "TIME OF RUN: *, TO STRING( time))

"

"Conclusions & Recommendations "

{ DEMON GROUP: type OF Units

DEMON for english units

IF type OF Units IS engfish
THEN text OF units1 := "inches”
AND text OF units2 :
AND text OF units3 :=
AND text OF units4 :="i
AND text OF units5
AND text OF units6
AND text OF units7 :
AND text OF units8 := "inches”
DEMON for metric units

IF type OF Units IS metric

THEN text OF unitst := "millimeters”
AND text OF units2
AND text OF units3
AND text OF units4
AND text OF unitsS
AND text OF units6 :
AND text OF units7 :
AND text OF units8 := "millimeters”

| DEMON GROUP: output OF window

DEMON showhide Why? Window

{F CONF(output OF Why? Window) = -
THEN visible OF Why? Window := FALSE
ELSE visible OF Why? Window := TRUE

DEMON showhide Report Window

IF CONF(output OF Report Window) = -1
THEN visible OF Report Window := FALSE
ELSE visible OF Report Window := TRUE

DEMON showhide Database Input Option Window

IF CONF(output OF Database Input Option Window) = -1
THEN visible OF Database Input Option Window := FALSE
ELSE visible OF Database Input Option Window := TRUE

| RULE GROUP: repair 1 OF Possible Repairs

RULE1

IF substructure unit with problem IS spread footing

AND footing IS not poured

AND cause OF Spread Footing Problem IS interference with cofferdam
AND horizontal mislocation <= horizontal mislocation expert's specificat\
ion -

THEN repair 1 OF Possible Repairs

| RULE GROUP: repair 2 OF Possible Repairs

RULE 2

IF substructure unit with problem IS spread footing

AND footing IS not poured

AND cause OF Spread Footing Problem IS interference with cofferdam
AND horizontat mislocation > horizontal mislocation expert's specificatit
on

THEN repair 2 OF Possible Repairs

1.LRULE GROUP: repair 3 OF Possible Repairs

RULE 3

IF substructure unit with problem IS spread footing

AND footing IS not poured

AND (cause OF Spread Footing Problem 1S incorrect excavation OR cause OF\
Spread Footing Problem IS overbreakage)

THEN repair 3 OF Possible Repairs

1 RULE GROUP: repair 4 OF Possible Repairs

RULE 4

IF substructure unit with problem IS spread footing
AND footing IS not poured

AND cause OF Spread Footing Problem 1S fissures
THEN repair 4 OF Possible Repairs

| RULE GROUP: repair 5 OF Possible Repairs



RULES

{F substructure unit with problem IS spread footing

AND footing IS not poured

AND cause OF Spread Footing Problem 1S high bedrock
AND Bridge IS over a stream

THEN repair 5 OF Possible Repairs

{ RULE GROUP: repair 6 OF Possible Repairs

RULE 6

|F substructure unit with problem IS spread footing

AND footing IS not poured

AND cause OF Spread Footing Problem IS high bedrock
AND Bridge IS not over a stream

THEN repair 6 OF Possible Repairs

| RULE GROUP: repair 7 OF Possible Repairs

RULE7

iF substructure unit with problem IS spread footing

AND footing IS not poured

AND (cause OF Spread Footing Problem 1S low bedrock OR cause OF Spread
F\

ooting Problem IS unsound material)

AND Probe Hotle IS drilled

AND depth to sound material <= depth to sound material expert's specifict
ation

THEN repair 7 OF Possible Repairs

I RULE GROUP: repair 8 OF Possible Repairs

RULE 8

IF substructure unit with problem 1S spread footing

AND footing IS not poured

AND (cause OF Spread Footing Problem IS low bedrock OR cause OF Spread
R .

ooting Problem IS unsound material)

AND Probe Hole IS drilled

AND depth to sound material > depth to sound material expert's specifical
tion

THEN repair 8 OF Possible Repairs

| RULE GROUP: repair 9 OF Possible Repairs

RULE 9

IF substructure unit with problem IS spread footing

AND footing IS not poured :

AND (cause OF Spread Footing Problem 1S fow bedrock OR cause OF Spread
A

ooting Problem IS unsound material)

AND Probe Hole 1S not drilled

THEN repair 8 OF Possible Repairs

{ RULE GROUP: repair 10 OF Possible Repairs

RULE 10

IF (substructure unit with problem IS pile footing OR substructure unit\

with problem IS pile bent)

AND footing IS not poured

AND (cause OF Pile Footing Pile Bent Problem IS staking OR cause OF Pile\
Footing Pile Bent Problem IS drift)

AND horizontat mislocation <= horizontal mislocation specification

AND spacing OF Pile >= spacing specification

AND edge distance OF Pile >= edge distance specification

THEN repair 10 OF Possible Repairs

t RULE GROUP: repair 11 OF Possible Repairs

RULE 11

IF (substructure unit with problem IS pile footing OR substructure unit\

with problem IS pile bent)

AND footing IS not poured

AND (cause OF Pile Footing Pile Bent Problem IS staking OR cause OF Pile\
Footing Pile Bent Problem IS drift)

AND horizontat mislocation <= horizontal mislocation specification

AND spacing OF Pile < spacing specification

AND edge distance OF Pile >= edge distance specification

THEN repair 11 OF Possible Repairs

| RULE GROUP: repair 12 OF Possible Repairs

RULE 12

IF (substructure unit with problem IS pile footing OR substructure unit\

with problem IS pile bent)

AND footing iS not poured

AND (cause OF Pile Footing Pile Bent Problem IS staking OR cause OF Pile\
Footing Pile Bent Problem IS drift)

AND horizontal mistocation <= horizontal mislocation specification

AND spacing OF Pile >= spacing specification

134

AND edge distance OF Pile < edge distance specification
THEN repair 12 OF Possible Repairs

I RULE GROUP: repair 13 OF Possible Repairs

RULE 13

IF (substructure unit with problem IS pile footing OR substructure unit\

with problem IS pile bent)

AND footing IS not poured

AND {cause OF Pile Footing Pile Bent Problem IS staking OR cause OF Pile\
Footing Pile Bent Problem IS drift)

AND horizontal mistocation <= horizontal mislocation specification

AND spacing OF Pile < spacing specification

AND edge distance OF Pile < edge distance specification

THEN repair 13 OF Possible Repairs

| RULE GROUP: repair 14 OF Possible Repairs

RULE 14

IF (substructure unit with problem IS pile footing OR substructure unit\

with problem 1S pile bent)

AND footing 1S not poured

AND (cause OF Pile Footing Pile Bent Problem IS staking OR cause OF Pile\
Footing Pile Bent Problem IS drift)

AND horizontal mislocation > horizontal mislocation specification

AND spacing OF Pile >= spacing specification

AND edge distance OF Pile >= edge distance specification

THEN repair 14 OF Possible Repairs

| RULE GROUP: rebair 15 OF Possible Repairs

RULE 15

IF {substructure unit with problem !S pile footing OR substructure unit\

with problem IS pile bent)

AND footing IS not poured

AND (cause OF Pile Footing Pile Bent Problem 1S staking OR cause OF Pile\
Footing Pile Bent Problem IS drift)

AND horizontal mislocation > horizontal mislocation specification

AND spacing OF Pile < spacing specification

AND edge distance OF Pite >= edge distance specification

THEN repair 15 OF Possible Repairs

| RULE GROUP: repair 16 OF Possible Repairs

RULE 16

IF (substructure unit with problem IS pile footing OR substructure unit\

with problem IS pile bent)

AND footing IS not poured

AND (cause OF Pile Footing Pile Bent Problem IS staking OR cause OF Pile\
Footing Pile Bent Problem IS drift)

AND horizontal mislocation > horizontal mislocation specification

AND spacing OF Pile >= spacing specification

AND edge distance OF Pile < edge distance specification

THEN repair 16 OF Possible Repairs

| RULE GROUP: repair 17 OF Possible Repairs

RULE 17

IF (substructure unit with problem IS pile footing OR substructure unit\

with problemn IS pite bent)

AND footing IS not poured

AND fcause OF Pile Footing Pile Bent Problem IS staking OR cause OF Pile\
Footing Pile Bent Problem IS drift}

AND horizontal mislocation > horizontal mistocation specification

AND spacing OF Pile < spacing specification

AND edge distance OF Pile < edge distance specification

THEN repair 17 OF Possible Repairs

| RULE GROUP: repair 18 OF Possible Repairs

RULE 18

IF (substructure unit with problem IS pile footing OR substructure unit\
with problem IS pite bent)

AND footing IS not poured

AND cause OF Pile Footing Pile Bent Problem IS boulder deflection
AND horizontal mislocation <= horizontal mislocation specification
AND spacing OF Pile >= spacing specification

AND edge distance OF Pile >= edge distance specification

THEN repair 18 OF Possible Repairs

| RULE GROUP: repair 18 OF Possible Repairs

RULE 19

IF (substructure unit with problem IS pile footing OR substructure unit\
with problem IS pite bent)

AND footing IS not poured

AND cause OF Pile Footing Pile Bent Problem IS boulder deflection
AND horizontal mislocation <= horizontal mislocation specification
AND spacing OF Pile < spacing specification



AND edge distance OF Pile >= edge distance specification
THEN repair 19 OF Possible Repairs

1 RULE GROUP: repair 20 OF Possible Repairs

RULE 20

IF {(substructure unit with problem IS pile footing OR substructure unit\
with problem IS pile bent)

AND footing IS not poured

AND cause OF Pile Footing Pile Bent Problem IS boulder defiection
AND horizontal mislocation <= horizontal mislocation specification
AND spacing OF Pile >= spacing specification

AND edge distance OF Pile < edge distance specification

THEN repair 20 OF Possible Repairs

1 RULE GROUP: repair 21 OF Possible Repairs

RULE 21

IF (substructure unit with problem IS pile footing OR substructure unit\
with problem IS pile bent)

AND footing IS not poured

AND cause OF Pile Footing Pile Bent Problem 1S boulder deflection
AND horizontal mislocation <= horizontal mislocation specification
AND spacing OF Pile < spacing specification

AND edge distance OF Pile < edge distance specification

THEN repair 21 OF Possible Repairs

| RULE GROUP: repair 22 OF Possible Repairs

RULE 22

IF (substructure unit with problem IS pite footing OR substructure unit\
with problem IS pile bent)

AND footing IS not poured

AND cause OF Pile Footing Pile Bent Problem {S boulder deflection
AND horizontal mislocation > horizontal mislocation specification
AND spacing OF Pile >= spacing specification

AND edge distance OF Pile >= edge distance specification

THEN repair 22 OF Possible Repairs

| RULE GROUP: repair 23 OF Possible Repairs

RULE 23

IF (substructure unit with problem IS pile footing OR substructure unit\
with problem {S pile bent)

AND footing IS not poured

AND cause OF Pile Footing Pite Bent Problem IS boulder deflection
AND horizontal mislocation > horizontal mislocation specification
AND spacing OF Pile < spacing specification

AND edge distance OF Pile >= edge distance specification

THEN repair 23 OF Possible Repairs

| RULE GROUP: repair 24 OF Possible Repairs

RULE 24

IF {substructure unit with problem IS pile footing OR substructure unit
with problem IS pile bent)

AND footing IS not poured

AND cause OF Pile Footing Pile Bent Problem IS boulder deflection
AND horizontal mislocation > horizontal mislocation specification
AND spacing OF Pile >= spacing specification

AND edge distance OF Pile < edge distance specification

THEN repair 24 OF Possible Repairs

1 RULE GROUP: repair 25 OF Possible Repairs

RULE 25

IF {substructure unit with problem IS pile footing OR substructure unit\
with problem IS pile bent)

AND footing IS not poured

AND cause OF Pile Footing Pile Bent Problem IS boulder deflection
AND horizontal mistocation > horizontal mislocation specification
AND spacing OF Pile < spacing specification

AND edge distance OF Pile < edge distance specification

THEN repair 25 OF Possible Repairs

1t RULE GROUP: repair 26 OF Possible Repairs

RULE 26

IF (substructure unit with problem S pile footing OR substructure unit\
with problem IS pile bent) ’

AND footing IS not poured

AND cause OF Pile Footing Pite Bent Problem IS penetration

AND Bridge IS over a stream

AND Scour Line IS available

AND depth below scour line > depth below scour line expert's specificati\

on
THEN repair 26 OF Possible Repairs

| RULE GROUP: repair 27 OF Possible Repairs
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RULE 27a

IF (substructure unit with problem S pile footing OR substructure unit\
with problem IS pile bent)

AND footing 1S not poured

AND cause OF Pile Footing Pile Bent Problem IS penetration

AND Bridge IS over a stream

AND Scour Line IS available

AND depth below scour fine <= depth below scour line expert's specificatt
ion

THEN repair 27 OF Possible Repairs

RULE 27b

IF (substructure unit with problem IS pile footing OR substructure unit\
with problem {S pile bent)

AND footing IS not poured

AND cause OF Pile Footing Pile Bent Problem IS penetration

AND Bridge IS over a stream

AND Scour Line IS not available

THEN repair 27 OF Possible Repairs

t RULE GROUP: repair 28 OF Possible Repairs

RULE 28

IF (substructure unit with problem IS pile footing OR substructure unit\
with problem IS pile bent)

AND footing IS not poured

AND cause OF Pile Footing Pile Bent Problem IS penetration

AND Bridge IS not over a stream

AND vertical mislocation <= vertical mislocation expert's specification
THEN repair 28 OF Possible Repairs

{ RULE GROUP: repair 29 OF Possible Repairs

RULE 29

IF (substructure unit with problem IS pile footing OR substructure unit \
with problem IS pile bent)

AND footing IS not poured

AND cause OF Pile Footing Pile Bent Problem IS penetration

AND Bridge IS not over a stream

AND vertica! mislocation > vertical mislocation expert's specification
THEN repair 29 OF Possible Repairs

| RULE GROUP: repair 30 OF Possible Repairs

RULE 30

IF (substructure unit with problem IS pile footing OR substructure unit\
with problem IS pile bent)

AND footing IS not poured

AND cause OF Pile Footing Pile Bent Problem IS capacity

AND resistance OF Pile IS friction

THEN repair 30 OF Possible Repairs

{ RULE GROUP: repair 31 OF Possible Repairs

RULE 31

IF (substructure unit with problem IS pile footing OR substructure unit\
with problem 1S pile bent)

AND footing IS not poured

AND cause OF Pile Footing Pile Bent Problem 1S min length

AND length OF Pile <= minimum length expert's specification

THEN repair 31 OF Possible Repairs

t RULE GROUP: repair 32 OF Possible Repairs

RULE 32

IF (substructure unit with problem 1S pite footing OR substructure unit\
with problem IS pile bent)

AND footing IS not poured

AND cause OF Pile Footing Pile Bent Problem IS min length

AND length OF Pile > minimum length expert's specification

THEN repair 32 OF Possible Repairs

1 RULE GROUP: repair 33 OF Possible Repairs

RULE 33

IF (substructure unit with problem IS spread footing OR substructure unit
twith problem IS pile footing OR substructure unit with problem IS pile\
bent)

AND footing !S poured

THEN repair 33 OF Possible Repairs

| RULE GROUP: repair 100 OF Possible Repairs
RULE 100

IF All Information Given

THEN repair 100 OF Possible Repairs

ELSE CHAIN “foundatn knb"

END
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Panel of Experts (PoE)

Dave Junk, P.E.

Field Engineering Administrator
Kansas Department of Transportation
PO Box 3686

Shawnee, KS 66203-0686

Phone: (913) 441-2531

Fax: (913) 441-0969

Roy Rissky, P.E.

Assistant Bureau Chief

Kansas Department of Transportation
Bureau of Construction and Maintenance
8th Floor - DSOB

Topeka, KS 66612-1658

Phone: (913) 296-3576

Fax: (913) 296-6944

Terry Grote

Area Construction Engineer

Kansas Department of Transportation
PO Box 80

Wamego, KS 66547-0080

Phone: (913) 456-2353

Fax: (913) 456-9851

Charlie Ellis

BRB Contractors

PO Box 8128

Topeka, KS 66608
Phone: (913) 232-1245
Fax: (913) 235-8045
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Ken Hurst, P.E.

Engineering Manager - State Bridge Office
Kansas Department of Transportation
Bureau of Design

9th Floor - DSOB

Topeka, KS 66612-1658

Phone: (913) 296-3761

Fax: (913) 296-6946

Terry Fleck, P.E.

Squad Leader

Bridge Design Section

Kansas Department of Transportation
Bureau of Design

9th Floor - DSOB

Topeka, KS 66612-1658

Phone: (913) 296-4362

Fax: (913) 296-6946

Robert B. Thorn

Finney and Turnipseed
603 Topeka Boulevard
Topeka, KS 66603
Phone: (913) 235-2394
Fax: (913) 235-1902



Panel of Users (PoU)

Susan K. Darling, P.E.

District Two Construction Engineer
Kansas Department of Transportation
PO Box 857

Salina, KS 67452-0857

Phone: (913) 823-3754

Fax:

‘Ron Harvey, P.E.
Field Construction Engineer
Bureau of Construction and Maintenance
Kansas Department of Transportation
8th Floor - DSOB
Topeka, KS 66612-1658
Phone: (913) 296-3576
Fax:

Margaret Douglas

EA 11, Shawnee Construction Office
Kansas Department of Transportation
PO Box 3686

Shawnee, KS 666203-0686

Phone: (913) 441-2350

Fax: (913) 441-0969

LeRoy King

King Construction

301 N. Lancaster Ave.
PO Box 849

Hesston, KS 67062
Phone: (316) 327-4251
Fax: (316) 327-2873
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L. Keith LeGer, P.E.

Bridge Design Engineer

Bureau of Design

Kansas Department of Transportation
9th Floor - DSOB

Topeka, KS 66612-1658

Phone: (913) 296-3761

Fax: (913) 296-6946

Gary Chan, P.E.

Squad Leader

Bureau of Design

Kansas Department of Transportation
9th Floor - DSOB

Topeka, KS 66612-1658

Phone: (913) 296-4428

Fax: (913) 296-6946

Kenny Blair, P.E.

Cook Flatt, and Strobel
6111 Southwest 29th
Topeka, KS 66614
Phone: (913) 272-4706
Fax: (913) 272-4736



Appendix E - Case Histories

139



100X A8 Q31411430 ¥3013M

¥V ONISN O3TTVISNI 38 TUM H3N3JILS M3N YV “IVAOW3Y ¥3INI431LS ONILSIX3
Y314V HLOOWS ONNOXDO 38 1TVHS 31v1d 83IM IHL "ONIDNOD DYV YIV 40 SNV3W A8
Q3AOW3Y 38 TIM SHINIJ4LLS ONILSIX3 SHL "031vOIHEYd 38 TUM SHINIALS MIN
‘ON3 HOV3 LV SNOLLOINNOD 31V1d LN38 H1IM HOLVHId3S M3N 31vdlyava

NMOQJ 3018d4N 30vd
13A38 O3LY3ANI 1V 30v1d NI 030713M

HINIIALS

3LLOAONVAM

L0-6G91-1 501-049

SOL47L

SHYIN3IHILS ONIYVIB

NOSNHOTM

SE'PI-9P-GL

C0-880F-A9¥-GE

[SEREN

'S1708 HOHONY

LNOUD ANV 1IVLSNI SOV OLNO SWVIE ¥3MOT 'S3LV1d 3108 ¥3aNN QIUILNID
34V ASHL LVHL OS SOVd O3LYNINYT TIVLSNI "HHOM SiHL ONINNA AIOVINYA 343aM
OIHM SOIA30 ONI¥YIE ONV WY3B 40 SFOVIINS A3 LNIVd OL LNIVA AlddV NV Nv3 10
'SELVIA H3INILSILS SNLS TIVLISNI 'SWY3E 40 STONVTIL OL S3LV1d 2708 Q13M ONV
ISWY39 ONV d3Id 30 S3NITYILNIO 1O3SUILNI SANITHILNID ¥I3HL LvHL OS S30In30
ONIYY38 SAOW 'SILY1d HANIS:HILS ANV 3708 HO- SNOILOINNOD Q30713M M3IN JO
ISNOILYDOT 1V 831V 1d 3708 ONV S83M 'STONVTS N30 ONV LSVIEONVS ‘03AOWIY
N338 3AVH SA13M 3¥3HM S30V3UNS HLOOWS OL S3.1VTd 3108 ANV SIONVIS
GNIYD "SIONVIZ ¥3QYID OL S3.1V1d 3108 DNLLSIX3 ONIHOVLLY SO13IM IAOWIY
‘Qvd ONIYY38 DI¥3WOLSYTE O3 LYNIWYT IAONIY ONY SWY3E L¥0ddNS ONY 3Sivy

S370H 1108 HOHONV NI
~1SVD SHL HLIM 3LV d ¥3N3J3ULS
ONIMVYSE 3HL 4O LNSANODITY

YINIAHILS ONIHY3E

ALLO0ONVAM

ST'4-501-049

£0-6581-% 501049

[A2-ZRFE

"31V1d WIHS HOVLLY

WOT OOL 03LONULSNOD HOLOVHLNOD

S1v3s ONI¥Y3E

816414

T SEY3 Wb Xub Xy OOV

WE Sl
BONVI4 WOLLOB ¥3QHIO '€ S| 3Lvid

ONIHVYI8 03X|4 H04
S34Vd AUNOSYIN

3L10ANVAM

L0659 501029

CHidL

‘'S3AIS 1V ONOTV Gvd DIMZNOLSYI3

FHL WOYS LNO «} ONILX3 QINOHS Avd LNOHD 3HL ‘G3WINO3Y 38 AV SH36Id
ONIDHOINIZY 133LS ¥O A10d "LNOUD HNIHHS-NON 1Sd 0005 38 GINOHS 1N0UD FHL
‘QVd LNOYD V S 3LV 1d WIHS 13318 3HL OL NOILDO NV "SNOLLYDIZ|O3dS QUVANY.LS
00> HLIM IONVYQHOOOY NI JAZINVATYD 38 1M S31V1d WIHS 13318 3HL "'NOLLO3NIO
ANV NI S3UVd 13348 FHL HIAC ONVH LONNVO SOVd 3HL 'SOvd JIMIWOLSYI3 SHL
43ANN A1LOFYIA A3LYOOT 38 LSNI SBLYd WIHS 1335 3HL 'SNOISNIWIQ BWVS 3HL
HYV SAVd ONIVYIB OIHINOLSYTE 3HL SV A30V1d 3HVY SWY3E SS3YISTHd SHL NIHM
IMVL 38 OL SA3I3N JYVO VELX3 'A3YINDIY 38 QINOHS NOILYOIAILYID TN 113318
SEHO 60LV WLSY 3V SINIWIHNDIY 3LV1d WIHS WNWININ THL "S34Y1d WIHS 13318
ONIOVId A8 SONVYHITOL NIHLIM XOvE LHONOHE 38 JINOHS SLV3S DNiNva8 MO
ONIONINDO A8 3ONVHIT0L NIHLIM XOVE LHONONE 38 QTNOHS S1VES ONIYY38 HOIH

FONVHRIOL 'MOTTV 0330X3

‘A3713 Lv3s ONiyv3a

YMVLLO

£0L1-TLL8

LO-8ZFP-H 2218

01641l

"IN0ES AXOd3 GIAOHIAY NV HLIM
OL 3HL OL 111934 “T1IM IHL WOH4 SIVIHILYIN 3S007 HO HILYM ANY ONINNNOVA AE
AOW3Y "113M 3HL Ol 1835070 1v3S DNIYVIE IHL WOHZ AVMY S13HONOD HHL dIHD
'31Vd AHNOSYIAN 3HL 30 3903 3HL V3N SI TI3M L7108 BOHONY & 8HL 30 3503 3HL

‘3SYD ANO 1NE 11V NI "SSINTING HO4 03%03HO 38 TIVHS §113M 1108 HOHONY 11V

MVHL/EZ334d ' LNOYD ¥3dOUdNI

STI3M 1708 HOHONY

31L0ONVAM

ST 1601049

20-6694-% §01-0.9

SisdL

"W31804d IHILINS SIHL O3CIOAY SNHL GNY 30IASC ONiEv3d IHL NO

3041 3HL DIL13S Y0438 S1108 YOHONY IHL G3LYISNI ANV STI3M L1108 HOHONY
Q3IWHO43dd FHL A3DUVINI SAVH 01NOD 'NOLLOIYT 40 SWIL HL LV HOLOVHINOD
HL "NOILISOd M3N 3H1 SSYJIWOONI O §713M 1709 HOHONVY O3WHO43Hd ONILSIXT
FHL IOUVINT ONV 30IA30 ONIYVIE THL SO 3LV 1d AUNOSYI 3K1 Ol S8v. 41Eam

FN8ISSIOOVNI WSHL ONIMVIA 81708
HOHONY SHIAOD MON LvHL 3ivid
L3SSNO HiM QIOVId ¥3CHID

S.1708 HOHONY

3LLOANVYAM

621501048

20-888Z-M S01-049

oLl

‘NOILYDOT
HAdO¥d IHL NI §113M L1108 YOHONV 3HL TNHAZYH NIHL ONV L1VI§ DONIY38 13ATT
V 3AINOYd OL dvD ¥3Id 3HL 40 dOL SHL ONIND '$7173M G31VOOTISIA 3HL Nt LNOHD

SNY1d 3¥N1ONYLSBNS ANV
FHNLONAULSHILNS BHL NIIML38B
SNV FHL NI ADNY3HOSIO

30 3sNvO38 Q3LVOOISIN

STIIM L7108 HOHONY

3LLOONVAM

821601048

10-8882-X 501049

L TERES

"S1708 YOHONY 3HL 3O NOILYDOT3Y 45d0Nd

L ONILNIATH 13318 ONIOHOINIZY OL 3NA STHOVOUdY K108 3HINDIY SW318048d
3OS "ONITTIHA ANV OL HORId ¥3LIWOHOV ¥ ONISN T33LS DNIDHOINIZY 3HL
31YO01 QTNOHS YOLOVYINCD FHL ‘03180 38 LSNW S113M 1108 HOHONY M3N i
'F78ISS0d 41 SONIYVIE 3HL ONIAJIQOW A8 S113M 1108 HOHONY ONILSIXT 3HL 35N

G3LvO0TSIN

STIAM L7108 HOHONY

FL1LOONVAM

85°0915°0°604-0/9

$0-CS91-M S04-049

2oL

Hivday

#OUHA 40 ISNVO

NOILYOOT ¥OMNN3I

ALNROD

‘ON 3o0aiue

‘ON L23r0¥d

38vD

140



‘SININSIS A8 AFTANVYH

3dAL INFWIOV1d3Y LV3S 390188 '3AIS INO WOHL 430U XO8 FL3HONOD IAOWIY FLFUONOD 40 NOIUVHORIALZ dvO 43Id| 3LLOONVAM 9E'1-50L-0491 LO-GS81-M S0L-049| 00Lud1
'NIIMLIE SHvE 1aMoa
FHL LYNININT ANV 'SdVO ONINIQIM OGNV INIWADV 143 FHL INIBWOD "NIWNTOD
HL 30 dOL 3HL Ol dvO SAONIY 'S3AIS HLOE WOYH HIAYID X089 3LIHONOD IAOWIY FLIHONOD 40 NOILYHOI¥3 L3 dvO u3Id| ILLOONVAM BE'L-G0L-048| 0-GG9L-M SOL-028( 001L4Y7
'S13YONOO HLIM NOILVYAZIE ONILOOL 40 WOL1.108 3HL OL A3 NI4HOVE ONILOOH 40 WOL109
QNY ‘NOILIONOD GITOS V¥ OL VI¥3LYW 3S00T 3HL LNO 3M¥VITO YOLOVHINOD MOT38 .8 O3HOVIY LON MOONAa3E ONILOOZ g3iing 95°'81-8-LL1 L0-26Ev-M 8-24L| ZISITL
S1IvMm
SSVd I1LLVO ANNOHOYIANN
‘NOIS3a3Y ONILSIXT HLIM FH34YILIN Iid ONILOOd| 3LLOGNVAM 62°1-501-048| LO-9G91-M GOL-029| 60G41TL
“H3id FHL 40 NOILYDO0T
"INVLINSNOD A8 G3ANIWNOD3Y SV 31id ONILSIX3 d3asn dNY NYId 3HL 40 HLYON L334
ONIid M3N IAIYA "ONILOOH FHL 40 LHvd ANV NANT0OD ANV dvOu3id IHL 3AOW3Y 299 3LONYLSNOD SYM ¥3id ONILOOXY3Id| IJL1LOAGNYAM 8€7L-60L-049] L0-GSOL-M S0L-0£9| 10L41TL
‘sdve WP AT3LVINIXOYddY a31LL3S
NIOHOANITY dOL IHL 308V NIVNTH TTIM ZLIYONOD ONILSIXT FHL 404} 'd330.2/L L| HHOMIS IV IHL ANV 3IHONE STOHS
FLIYONOD IHL IAOWIH ANV HOAA FHL SSOHOVY LN MVS '03HIVA3Y 39 OL 3IN| 1HOddNS IHL NI 1708 ONILSNrav
TUM ANV HONOY SI LNIOT NOILONYLSNOD 31 LV %030 39018 IHL 40 30VJHNS 3HL - ANV HHOMIS VA HHOMISIVA I]OUIHO 22°0-k1-86 LO-690¥M-L1-96| 00109
"‘a31vo1dav4 38 TIVHS 31v1d 43A00 V DNISOVNS 8VINOIHIA 3181ISS0d 01 3nd
WP 40 dVO 318VMOTTY WNIWIXVYIA SHL H3A0 SI ANV dVO SIHL SA330X3 41 "¥3IAIMOH
SLNIOF NOISNYdX3 3HL NI dvD IHL HOLVIN OL SYM YN0 ¥31MHvE 3HL NI dvD 3HL ATHIGOHdNI NOLLONYLSNOD| SADIAIA NOISNVAXI| I LLOONVAM| 62'1'98Z°1-50L-049| 20-8892-M SOL-043| 00LF1Q
"ONIZ DINVDYO
HLIM SY3YY G3DVAVA LNIVdIY "INIWLISNray a3dIN03Y di3HL 139 AFHL TINN ©37 ATENISSY LH0ddNS
TYOILYIA 3HL 30 dOL 3HL FHL S0 430 SHUNG AHL ONIYO ANV LNO T4 30 ONIND INIWLSNray TYOILU3A 40 MOV ANIOP NOISNVdX3 £isd1L
'Sdv0 ¥3Id IHL Nt A3T1€a S270H M3N GNv a37113 SIONVYHO NOILVYOIH8VYS EERIER]
39 INOHS 8713M 1708 HOHONY ONLLSIX3 'Q3.1vOIydavd SY S30IA3d ONbv3g 3sn ANV AONVJINOSIA NY1d| ONIYYIE NOISNVAX3| 3LLOGNVAM| 88 LBIE1-501-0£9( LO-GSIL- S0L-049] 80bATL
34IS HOIH 3HL 0330X3 0L ON OS dNI¥S "1 NOISNVJX3 TYNIANLIONOT
ANV LNIOF 3HL 40 3QIS MOT 3HL OL $31V1d HLd30 JN18VI-VA 40 S31438 ¥ 013m SHL NI 3ON3¥33310 NOILVYAI TS ANIOI NOISNVdXZ|  3LLOGNVAM 92°1-60L-049] L0-888C-M SOL-029| €01 J1L
"INIFWIOV1d 3LIHONOD
ONIHNG 431YM 4O MOTENI
IAISSIOX3 At QIASNVD JLIYONOD
'ONILOO4H NDIS3Q3Y "L4VHS A3T71WA IHL NI 83T0H FHOO FHL LNOHD JANSSIUd ANNOSNN 40 V3V 30UV V 14vHS Q377H¥A ] AYINOOLNOW 12'9Z-£9-GL 10-9EvE-M €9-62| 80Ld1L
] "ONILOOJ ANV NWNTOD M3N
1ONYLSNOO OL ONITid DNLLSIXT ISN "ONILOOZ ONV NWNTOD DNILSIXT SIAOWIY W01 A8 Q3LvO0TSIN NIWNIOO[ HLLOANYAM 9L71-501-048| LO-9581L-M SOL-049| 80S3TL
"LNIvd ONIZ DINVOHONI HLIM QZ.LNIVd YO GAZINVATVO
13318 96V 40 38 TUM 3L d 3HL '31v1d 133LS V AV NV 1EAT1 JOL 3HL GNIND 73A37 LON NIWNT0D 40 d01L NANT0D| ILLOAGNVAM| 6Z'1'882°1-501-029| L0-8982-Y S0}-029 90S41L
‘SUOLO3IHSNI 73id LOGM A8 38 1TVHS NOILOIASNI QT3M T¥YNIZ "NOILVYOIEINVND
34YNA3008d ONIGTIIM NI G3HIN03Y SV 38 TIVHS (ONIMOVL OL HOI¥d) Lv3H3ud
(Q3¥INDIY SV ONIANIYD TWNOILIAAY ONIQIAOYd 013 ‘SSIANINVITO) HANILIILS
M3IN ONILLIS OL YOI ALINBVLINS OL SY A3L03dSNI 38 TIVHS TYAOW3Y d3NIAJUS
40 v3dY 3H1 "ONIQT3M d1a13 WO 804 LOOX A8 3AOHJdY ¥3QT3M ¥ AD 3NOQ 38
TIVHS ONIQT3M 7TV "SAAIS HL08 YaAHY 0713M WOYL 8 ATALVIIXOUddY LNIVd ANIND
"HIANTIHLS MIN ONIHOVLLY ¥0d 318V.LINS 3DV4UNS HLOOWS V 3Q3IA0¥d OL SY O8
NIONIYO A8 O3AOKW3Y 38 OL SI WIHNILVIN ¥SNI3JH1LS ONINIVNTY 3HL "013M ONILSIX3 iENEEEIAT
40 301 Ol dN ONIDNOD NOGHYD JHV-HIV ONISN AS HINIHI1LS ONILSIXSZ IAOWIY IVOLLIMO 3UNLOVEE| 3ILLOAONVAM L0-GG9L-M G0L-048| Z1S3TL
‘SHOLO3AMSNI Q1314 LOOM A8 38 TTvHS NOILOIdSNI Q713M TYNIJ 'NOLLYOIITVND
34NA3004d ONIGTIM N G38INDIY SV 38 TIVHS (ONINOVL OL HOIMd) 1vIHIHd
(@3YINDIY SV ONIANIYSD TWNOILIAAY DNIQINOY "OL3 ‘SSANITNYIO) ¥3ANTJHILS
MIN ONILLIH OL ¥ORId ALITNEVLINS OL SV JALO3dSNI 38 1IVHS TVAOWIY HINIJILS
40 V3dv IHL "ONIGT13M A1314 WO4 HOd 1LOOX AS J3IAOHddY 43GI1IM VY A8 INOQ 38
TIVHS ONIGTEM 1TV 'S3AIS H108 VAUV J713M WOYL 19 ATILVINIXOHDY LNIVd ONIND
HINISHILS MIN ONIHOVLLY 804 318VLINS 30V4ENS HLOONS V 303IN04d OL SY 0S8
NIONIYO A8 G3AOWSY 38 O1 St WIMZLVIAN ¥3INIJILS ONINIVASY 3HL A1IM ONILSIXT .
40 301 OL dN ONIDSNOD NOBAYO JUV-HIV ONISN AB ¥3INIJHILS ONLLSIXI IAOWIY NAAO( 301SdN Q3TIVLSNI HANIAAILS| FLLOONVAM +0-GS9L-X G0L-0/9{ 00LOA
HIvd3Iy dOHHI 40 ASNVYD NOILYOOT ¥ouu3a ALNNOD ‘ON 390nig ‘ON LO3rQHd| 3SVD

141



"GITIVISNI GNV G5 1VoRiavd 38 1SNIW 53aWIW GHOHO WO1108 MaN v ST10H GALVOOTSIN GHOHO WOLIOH| 3LIOGNVAM 62 1501-029] 10-8883 501-029] 506311
"S1108 5267 HLIM ST10H ONILSIXA 111 ST1GH MaN T1iaa % Xd §310H G3IVO0 151N SIv7d 1355110 SLLOONVAM 62 1-501-019| 20-8982 G0V029] 206311
"INIVS TANIA-ONIZ SINVOHO HLIM G LNIVA 38 TIvHS SV3aV
ONNOYD FHL ‘G3AOHdAY NIZB SYH YIVA3Y IHL ¥IL4V HOLO3LSNI SWINILVIW
1OGY V A8 G2L03dSNI 38 TIVHS ONNONS NI IAVH LYHL SY3HY 3HL 31T1dW0D
UIVY BHL NIHM “TVAOHAdY ¥3HLHNS LNOHLIM SUNAIO0Ud SIHL HLIM O3uivdaY
38 LON AVW /| NVHL ¥3d330 SFHOLON 'SSIMLS HOFYI JHL 40 NOILOHIO IHL ‘a3unod N338
YIONIYO 1138 V HLIM O3HSINIS SI 8IVd3y FHL 31 03SN 38 AVA BIANIND HYINOUID ¥ QVH LVHL %030 40 NOILO3S
(¥3QNID IHL ONOTY ATIVNIGNLIONOT - 9)) SSZHLS HOMVIN 3HL 30 NOLLOIMIA SHL NI 318v1d300VNN NY ONIAOWIY
NOQ 38 OL SI ONIONIID 3HL “TYANOZIYOH .01 OL TYOILYSA .| 38 OL ) ONIONINO THL TIHM HOLOVHINOD 3HL ¥30YI9 133LS .
MO 3dOTS WNWIXYW SHL "ATHLOOWS LNO ANNOXO 38 OL - #/k NVHL §531 STHOLON A9 03OVINVQ FHIM SIONYTS 40 3ONVI4dOL| 3LLOGNVAM 62'1-601-0/9| Z0-888Z- S01-0/9] 00LL
"INIVA TANIA-ONIZ SINVSTO HLIM ¥
HV G310334Y FHL LNIVABY ATIVNIZ ONV ¥3QHIO 3HL OL STLV1d LOIHYHOO IHL 0Tam $31V1d 2dIST 40
NSHL ‘NVST0 vadV 3HL ONIYO ‘SYIQNID THL 340 SALYTd LOTHUOONI IHL DUV diy QV3LSNI $31v1d £4352 038N $31v1d 310S| ILLOGNVAM 62'1-501-0/9| 20-8882-Y S0L-09| LOLYM1
"MINIA31LS SNItvId SH1 AG 039900 ATVL0L 58 15NN 31v1d3108
3HL ‘GITIVASNI 38 LSNW INTHILS ONIYVIE LUOHS MIN v NIHL ‘HaNTIILS
ONI¥VEE IHL 40 3903 LNOYS IHL ONOAIE $1 3108 FHL 40 3903 3HL 3l "LVOD
dOHS ONIZ DINVOHO HLIM VI LNIVA3d "SNYd NOILONYMLSNOD FHL NI G3LVLS SV
DNIQTIM A8 31v7d 310§ HOVLLVAY W2 SNTd NOLLYOOT MIN JHL HIANN WOHH LNV
NIZ OINVONONI SHL ANV TV.LIW Q13M ONINIVAZY ANY 440 ONIID TIVHS ¥OLOVHLNOD
THL '31Vd 3108 3HL 30 TWAOWIN ¥3L4V "FuNLVEIdWIL 03L0THHOD HIHO0H
3HL HLIM NOILYOOT LO3HNO0D 3HL NI HOV.LLYIY ANV §31v1d 3108 FHL A0 +b A8 340 INMHTLNIO NWNTO0 SHLONZTNVAS| 3LLOONVAM 62°1°501-029| 10-8892°M S0L-049| 205411
"NOILISOd 93dCud Nj NAIEG ONHId TYNOILIGAY NGILISOd 134=09NI
HO NIAIA SV ONITId SHL SSVJWOONS OL GISHVING 38 LSNIN ONILOOA FHL ¥3HLIE NINJAING JHIM ST Tid 37d| 3LLOONVAM 62°1-504-0/9| 20-8892°M 50109  L0SHIL
"NOIVO01 1033800 NOILYOO TNV 1d 330 . :
NI SENIWNTTOO 34NS IHVIN "133LS ONIOYONIZH ONILX3 'H300I8 ONIL0OH IV 46 - ul WOYS NIAING 34IM S31d 37d| 3LLOONVAM 8€°1-504-029| 10-5591-X §01-09| 00S1L
"AdVSSIOIN S
¥IQNIO FHL LHOJdNS OL NHOMISYI4 ON "TISM 1708 HOHONY FHL LSVd 3ANHLONd
DN S300 ¥OV4D SHL 31 'FLIMONOD 3v-YvV SSVIO HLIM SLIHONOD 3OVTdIY "AXOd3
IGNOB I1IHONOD G3A0N¥ddY NV HLIM INIT TYAOWIY 3L3UONOO 3HL LV 3LIYONOD 'STIEM
NILSIXS SHL LYOD "W/} b 40 WNWINIA ¥ AS 13318 ONIOHO4NIZY dOOTANI HL¥VET2| 1108 HOHONY 3HL NI 031037100
1 HO HLdHA ¥OWHO ONOHIE LSNF OL 3LFHONOD GIHO0ND ANV 38001 IHL IAOWIY|  ¥3 LM ONIVZMH OL 3NT AIHOVHO SdvO ¥dld| FLLOGNVAM SZ'1501-0/9| Z06594-M S01-0L8| SIGITL
3516 ONIDYOANIZY JHL 30 WOLL0H SHL GNY SLFHONOD ONIISIXT
3HL N3IMLIE 3LIHONOD 40 .+ HO4 MOTIV OL GIAONIY 38 LSNW ZLIUONOO
NONS GNY ¥3A0D 3LIHONOD AYYSSIOIN IHL IINOUC OL GIHIMOT 38 LSNW ATHL
‘038043 Juv SHVE TVLNOZIHOH 4l 'NOILYAZ 3 HSINIZ OL 3LIHONOD 30V1d3Y aNY
30vHD HSINI2 MOT38 .2 ATLVWIXONddY NOILYAZTS NV OL 3LMONOD FHL 3AON3Y ; HOIH OL NOLLYA3T3 dvO ¥3id| 3LLOONVAM| 8E'191E1601-0/9| 10-G591-4 S0L-029| LIl
"STEM L1108 N
HOHONY ONILSIX3 3HL ONIDHYIND QIOAY OL ST1v1d ONI¥Y3E 3HL 40 3003 3HL 30,2
NIHLIM OL SF10H 031107 3HL ONIONILXS AS S3LV'1d ONINYIE 133LS IHL AJIGOW
01LYO0T 3YINOIY THL NI HOVE SAVd SNONNILNOO ¥NOd ANY “1331S ONIONONIZY
3OS 0QY ‘Wy38 ¥3Id 3HL 40 dOL OL NMOG SOV ONINYIE ILIHONOD IHL IAOW3Y|  HONHI ONIMYLS - NOLLISOd 40 1o ¥3ld| 3LIOGNVAM 65°Z-501-69} | £0-8/8ZM S0L694| 6011L
NSWLSNFaY SHIN0=E AV S T19M 1108 YOHONY SHL 40 SNOILVIOT3HL SWA1808d
SONV.SIG 3903 LNOHLIM WVIE SHL 30 dOL NO 113 TIM SIDIAIA ONIMVEE SHL
“HIHLONY NO 135330 TIIM TVOIILINNAS ATALYAIXOHdY SI HOIHM NOILV.LOY 3HL GN3 HOvE
“431d HL NG SONVIVE S11 GNV SAVOT 3HL 40 SNOLLYOOT M3N 3HL §I NYZONOD 3HL NO .€ Q31V.0H S1 ¥3Id 3HL wild| 3LLOONVAM 621-501-0/9| 10-8882-3 S01-028] ¥0SITL
ETERRI Iy
340438 AXOdE ONIANO8 IAOHAAY LONY Alddy "FLFHONOO DNIOVANNS %030
390I48 OL ¥V NS ILIVONGO HLIM UNOCIY ANY WHOA "SHIWINVH DNIdIHO TIVWS
ATNO ONISN 3QVIN 38 OL TYAOWIY (1331 ONIDYOLNIZY ANOAIE 2/L L LSV Lv)
3L34ONOD ONILSIXS LNO dIHD GNY WAOWZY 3O SLIWIT 3HL LV d330 4 | dYO MVS H3id NI SOVa0 ¥3ld| 3LLOONVAM 62'1-501-0/9 2088824 501049 £0SATL
"SHIVATY AYVSSTOIN VA TACWEY SNIENd
(ONY TYAONdY HOd SNYTd FhvdIdd ‘HITNIONT NV 3xiH QL 0FUINOTY HOLOVHINGD HOLOVHINOD A J3OVINYD dvo ¥3Id| 31I0ONVAM 8E°1601-0/9] LO-6S9L-H §0L-0/9 Q0L
EZED NOHNT 40 ISNVO|  NOILVOO' HOHNT ALNROD "ONEDGINE|  ON1D3rONd| 3SvD

142



'FOCIYB IHL 4O JUNLVANND
AYDILY3A 3HL ¥Od LNNODOV LON
S$300 HOIHM NY1d ONINYYS 3HL NI

‘W3T80Yd |NMOHS SNOISNIWIQ TVINOZIMOH 3HL
PNVLSIO 3903 NV 31v34D O LON INI3¥VD ONIFA ‘NOLLOZHI MOTTV OL STTOH LOIS| OL LNO J¥IM ASHL 3SNVO3E LYOHS SHIONIYLS] 3LIOANVAM 65°Z-50L-691 | €0-8.82-KH 50684 €LidTL
: ‘A713M ONY
113 'NOILYDOT HUVWHOLYIN O 31v1d HOVLLIV-3Y 'STIO0H 1UHG ONV 31v1d IAOWSY ‘HIAQHIO JO IONVS
INOILYOOT 310H BV 'LNFWNNDITV 304 X¥HVIA HOLYIN 'NOILISOd LOFHHOD OL SALVd dOL NI STI0H HLIM NOITY LON
(SN NDITV "ONIONINO ONV ONIDNOD O¥VY HIV 40 SNV3W A8 S31v1d ONILSIX3 SAOW3N| 00 S31v1d 30 S31OH NOILLOINNOD Wv3E HO00Td| 3ILLOONYAM LO-GS9L-M S01-0£91 9lGdL
ALNIEVEI3M S1I ININYZL3Q O STVOIWSHD HO4 GIX33HD NV SAOWSY
38 13318 /v JHL JO NOJNOD ¥ LVHL 1S3DONS IM 'ZN-8 NOILYNDISIA 1M SMY
1iM 03073M 38 AVIN 3LV1d INBWIOVIdIY 3HL '3ZIS SWVS JHL ATALVNIXOHddY 40
EV ALLSY 40 31V1d M3N V HLIM 303Id 3ONVI3 NOISS3¥dNOD dOL LSO 3H1 30V 1d3Y 3ONYTJ IHL NI SFHOLON 3ONVId| FLLIOONVAM| 8E1BLE 4604048 10-GSOL-% G0L-049| ¢ISITL
'SANLS .6 40 SMOY 3HL N33IML3B SANLS YIONOT IHL 40 SMOY G0V 80
ONLS .5 3HL 40 dOL 3HL OLNO SANLS LHOHS §13M AVIN HOLOVHINOD 3HL '030713M
AQVIHTY IHY SONLS .S SUIHM 'SNOILYDOT IWOS NI G3HINDIY I¥V SANLS .. ONV.LS{  8YIS NI NOILYHLI3NId 31vNOIAVYNIf SHOLOINNOD HvaHS| 3LLOONVAM 8€°1-501-029] 10GG9L-X GOL-049| LOb4L
Hivd3y HOHYI 40 ASNVD NOILYOOT ¥OUN3 ALNNOD ‘ON 394alu9 ‘ON 103r0¥d| 3SVO

143






ived
ive.

der, if the item was rece
, or if the item is defect

ion

ing your or

de in fill

or refund. A replacement will be provided if an error
damaged cond

NTIS does not permit return of items for credi

IS ma

in

Reproduced by NTIS

National Technical Information Service
Springfield, VA 22161

This report was printed specifically for your order
Jrom nearly 3 million titles available in our collection.

For economy and efficiency, NTIS does not maintain stock of its vast
collection of technical reports. Rather, most documents are printed for
each order. Documents that are not in electronic format are reproduced
from master archival copies and are the best possible reproductions
available. If you have any questions concerning this document or any
order you have placed with NTIS, please call our Customer Service
Department at (703) 487-4660.

About NTIS

NTIS collects scientific, technical, engineering, and business related
information — then organizes, maintains, and disseminates that
information in a variety of formats — from microfiche to online services.
The NTIS collection of nearly 3 million titles includes reports describing
research conducted or sponsored by federal agencies and their
contractors; statistical and business information, U.S. military
publications; audiovisua! products; computer software and electronic
databases developed by federal agencies; training tools; and technical
reports prepared by research organizations worldwide. Approximately
100,000 new titles are added and indexed into the NTIS collection
annually.

For more information about NTIS products and services, call NTIS
at (703) 487-4650 and request the free NTIS Catalog of Products
and Services, PR-827LPG, or visit the NTIS Web site
http://www.ntis.gov.

NTIS

Your indispensable resource for government-sponsored
information—U.S. and worldwide






