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Summary

Given the enormous stock of existing concrete structures in Australia, the
maintenance, rehabilitation and treatment of ageing structures (especially
those potentially defective) is of national importance. Due to the lack of
previous research in this field, there is an urgent need to develop systematic

methodologies that can be used in the treatment of structural defects.

In this thesis, an attempt has been made to establish a practically useful
process for dealing with existing concrete buildings based on sound theories
and techniques. Three key procedures, i.e. diagnosis, condition evaluation and
decision-making, are proposed, and relevant methods for implementing these

procedures are described.

The proposed method for diagnosis is an hypothesis-and-test procedure through
which the most likely explanations of the observed anomalies in structural be-
haviour can be identified. An hypothesis is a set of explanations that fully cov-
ers the observed pattern of anomalies, and a test is any information-gathering
activity. To take account of the uncertainties involved, an informal proba-
bilistic reasoning procedure is used to rank all possible hypotheses. The most
likely hypothesis is the one which has the highest subjective probability. The
diagnostic method can be continued until an hypothesis is identified which has

an acceptably high level of probability.

Condition evaluation, as defined in this thesis, consists of procedures for the as-
sessment of structural adequacy regarding safety, serviceability and durability.
Both experience and structural reliability theory are used in the assessment

procedure.

The decision-making procedure is used to plan appropriate corrective work for
the structure. Based on the framework of probabilistic decision theory, the

best action is selected from a set of alternatives according to the preferences



xiv

of the owner of the structure, in regard to factors such as structural safety,
serviceability, durability and incurred costs. The proposed method forms a
multi-stage process in which the engineer can also decide on whether to gather
more data or to take action at any stage, using the results obtained from

diagnosis and condition evaluation.

By integrating systematically the iterative procedures of diagnosis, assessment
and decision-making, a comprehensive process is developed for dealing with
existing concrete structures, which allows the engineer to decide rationally on
what to do about a given structure in a well-structured manner. Two examples

are used to show how the proposed process is practically useful.



Xv

STATEMENT OF ORIGINALITY

This work contains no material which has been accepted for the award of any
other degree or diploma in any university or other tertiary institution and, to
the best of my knowledge and belief, contains no material previously published
or written by another person, except where due reference has been made in

the text.

I give consent to this copy of my thesis, when deposited in the University

Library, being available for loan and photocopying.

Signed (Wen-Gang Hua) Date . sl odvisvi s



xvi

ACKNOWLEDGEMENTS

Grateful acknowledgement is made to my supervisor Prof. R. F. Warner for
his excellent guidance, constant encouragement and invaluable suggestions
throughout the preparation of this thesis. I feel deeply indebted to him for all

what he has done for the supervision during my candidature.

I also gratefully acknowledge the helpful advice of my associate supervisor Dr

M. C. Griffith, and his review of this thesis.

I wish to thank the academic staff, technical and administrative officers in
the Department of Civil and Environmental Engineering for their help and
cooperation. I would also like to thank Dr D. J. Oehlers for reading part of
the thesis.

I am indebted to my friends, Mr Y. Xu, Ms A. Lo and their family members,
as well as my elder brother, for their moral support. Finally, I wish to express

my deepest gratitude to my mother for her love and encouragement.



a;

Ca+

CF()

fx(z)
Fx(:v)
G(X)

P(:)
P'()
P"(-)
P

Si

xvil

Principal Notations

= 1'h course of action in a candidate set

= a set of courses of action available
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Chapter 1

Introduction

1.1 Background

Since the end of the Second World War there has been an enormous increase
in the construction of bridges, buildings, dams, roads, railways and the like, in
most countries around the world. Today, the existing infrastructure represents

an immense investment of our society.

Although these structures have been designed to last for a long time, they are
hardly maintenance-free. One obvious reason is that any system decays with
time, and materials used in the structure deteriorate. The functionality of a
structure thus inevitably decreases as the structure ages, and maintenance is
necessary to keep the structure’s functions above the level of acceptance. In
addition to structural deterioration, original inadequacies in design and con-
struction occasionally occur in structures, and these “inherent deficiencies”

together with various damage to the structure due to factors such as improper
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use, fire, overloading and earthquake, can cause structural inadequacy and
safety problems with serious consequences. Again, appropriate actions are
required in such cases to improve the condition of those structures to an ac-
ceptable level. Furthermore, it is usually an economic proposition to undertake
a regular maintenance program to extend the service life of a structure. With-
out investment in relevant maintenance, the huge resource represented by the
existing infrastructure will be depleted. It is therefore not surprising to see the
increased attention now being paid to problems in existing structures, both by

engineers and managers.

The scale of the problem of maintaining existing structures is already remark-
ably large in many countries, and is increasing because ever more structures
are being erected. It is reported (Ahlskog, 1990) that about 40 per cent of
the 578 000 highway bridges in the U S are classified as deficient by the Fed-
eral Highway Administration. In the U K, 3 per cent of houses needed major
repairs in 1971; in 1976 it was 4.3 per cent and it was over 5 per cent in
1981 (Blakey, 1989). Although comprehensive data are not available in Aus-
tralia, published information on the requirement of structural maintenance is
not optimistic. An article appearing in The Australian (Stewart, 1992) says
that “Australia’s basic infrastructure is in serious decay, with an estimated $8
billion in extra spending required each year for the next decade to restore our

crumbling roads, sewers, railways, schools and hospitals”.

The task of maintaining such a huge stock of structures provides both owners
and engineers with financial and technical challenges. On the one hand, owners
of public structures, such as relevant authorities and government agencies, are
faced with questions which relate to the managerial aspect of structural main-
tenance. “Which structures need to be repaired, which need to be demolished
and which require minimum maintenance ?7”; “How much money should be
spent on maintenance-related work ?”; “How can the available funding be best

used for maintenance ?” Such questions have to be answered. To this end, a
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comprehensive management system is needed to assist high level policy makers
in allocating resources for maintenance, and for providing managers with rel-
evant guidelines for developing detailed maintenance plans. Obviously such a
system needs to consider the technical, social and economic factors involved, as
well as the general condition of the stock of existing structures. However, the
current situation is far from being ideal or even adequate. Many political lead-
ers and top level decision makers do not recognize the importance and urgency
of taking care of existing infrastructure, and hence available financial resources
are always short. Although more and more researchers are now involved in the
study of infrastructure management, and computerized management systems
for bridge maintenance have been developed in several countries (Andersen,
1990; Sinha, et al, 1990), further research is needed to enhance the capability
of these systems. It is also desirable to establish network-linked data bases
with information on the condition of all existing structures, so that efficient
management of the entire stock of any particular owner can be achieved. Fur-
thermore, relevant legislation and standards for structural repair work are also

needed.

In addition to the managerial aspect of the problem, structural engineers are
respounsible for solving the problems arising from an individual structure which
is defective, deteriorated or damaged. Tasks to be fulfilled can be summarized
briefly as: to decide what to do about a given structure and how to do it ef-
ficiently. Superficially, such decisions can be easilirna,de ‘on the basis of the
condition of the structure and its ability to satisfy various structural and func-
tional requirements. If the structure is considered inadequate to satisfy the
structural requirements, appropriate action such as major repair can be un-
dertaken. Otherwise, actions such as preventive maintenance may be enough.
Unfortunately, it is not an easy task to evaluate accurately the condition of a
structure, especially when safety is a problem. Firstly, the assessment of an

existing structure usually suffers from the limited data available and imprecise
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theoretical models. Secondly, any experiment or test on an existing structure
needs to be non-destructive. Thirdly, while the causes of defects usually need
to be considered in assessing the structure and also in deciding on an appro-
priate repair method, determining the true causes is rarely a straightforward
task. Due to these difficulties, two types of error can occur in evaluating an

existing structure (Warner, 1981):

e A type I error occurs when the structure is assessed, incorrectly, as being

inadequate, thereby incurring unnecessarily the costs of corrective work;

o A type Il error is made if the structure is assessed as adequate when it

is not, so that property, and possibly life, are endangered.

Since the possibility of committing such errors always exists due to various
uncertainties, the best possible option is to have a systematic approach which
can be used tolf'féfi}iﬂé'frj;ﬁassess*the condition of an existing structure using the
information available, and to make relevant decisions on what to do about the
structure in such a way that the risk of n})aking type I or type Il errors and the
cost incurred by assessment /repair are balanced. However, such an approach
has not been available partially due to the fact that dealing with the problems
of existing structures has not to date attracted wide attention of researchers.
The treatment of structural defects in practice is in many cases carried out
on the basis of experience, without rigorous prior condition assessment. At
the same time, engineers are now faced with ever more structures in need of
maintenance, and more complex situations. It is time to study maintenance-
related problems in the research, and to develop needed methodologies which
can aid engineers in treating a concrete structure with symptoms of deficiency

or inadequacy.

There is thus a need for research into two different areas regarding maintenance-

related problems of existing structures, i.e. the establishment of effective man-
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agement programs for building stock, and the development of systematic meth-
ods for dealing with individual defective structures. This thesis attempts to
tackle the second problem. Problems related to the managerial aspect of struc-

tural maintenance will not be considered in this study.

Before defining the detailed scope of the work to be carried out, a brief overview
will be given in the next section on relevant past work. This review provides a

framework and context for the work described in later chapters of this thesis.

1.2 Dealing With Defective Concrete Struc-

tures — An Overview

This review is primarily concerned with the overall process of treating defec-
tive concrete structures and with the different steps and methods involved in
this process. More detailed reviews of specific methods and techniques are

presented in subsequent relevant chapters.

1.2.1 General Procedure

The remedial treatment of a defective concrete structure has not yet become
a unified process, and different engineers tend to have developed their own
individual strategies based on personal experience. Nevertheless, the general
procedures adopted by many researchers and practical engineers all contain a
number of similar steps. Firstly, a condition survey of the structure is carried
out, which usually includes a preliminary inspection, detailed site inspection of
the structure, examination of relevant documents, such as the original design
calculations and drawings, construction records (if available). During the con-

dition survey, any anomalies in structural behaviour such as excessive cracking
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or rusting of steel bars is marked and recorded with attention paid to features
such as location and severity. Based on the results of the condition survey, the
second step of the process is to identify the likely contributing factors or causes
of the recorded anomalies in structural behaviour using a diagnostic method,
and for convenience this may be called diagnosis. The third step, referred to
as condition evaluation is to assess the real physical state of the structure
with regard to relevant structural requirements such as safety, serviceability
and remaining service life using the information gained up to date. Finally a
decision has to be made on what course of action is appropriate for the given
structure according to the result obtained from the first three steps. The last
step mentioned above is decision-making. If the information available is not
sufficient for making an appropriate decision, further activities such as site and
laboratory testing, structural analysis, have to be performed, and the process
goes back to the second step. Obviously this process of dealing with existing
defective structures is iterative, and stops when a terminal decision is made.
There are actually a number of researchers, such as Warner (1981), Rewerts
(1985), Yao (1985), and Chung (1991), who have discussed general procedures

similar to the one outlined above.

There are also a number of reported case studies which clearly demonstrate
these steps, such as in the treatment of building floor cracking by Majid et al
(1989), the rehabilitation of a long bridge by Beard et al (1988), the remedy
of a corbel support failure by Aboobucker et al (1989).

In the context of the overall procedure summarized above, the review presented
in the following sections will consider in turn the steps of condition survey,

diagnosis, condition evaluation and decision-making.
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1.2.2 Condition Survey of Existing Concrete Struc-

tures

The purpose of the condition survey is to gather relevant information about
the structure for use in subsequent steps such as diagnosis and assessment.
Rewerts (1985) summarized various approaches available and proposed that
the following key items should be considered in the investigation of an existing

structure:

e description of the structure;

e visual inspection and measurements;
e loading environment;

e construction details;

e environmental conditions;

e materials of construction.

For this purpose, appropriate procedures and tools can be employed. Visual
inspection plays a very important role in identifying noticeable deflections,
cracks, deterioration, etc. (Whittington et al., 1988). Photography is also use-
ful (Shroff, 1986), and can provide quick, accurate records of anomalies in
structural behaviour, appearance and surface conditions. Relevant measure-
ments are necessary in determining the dimensions of the structure, as well as
the presence, location, width and depth of cracking, and corrosion (Domon et
al, 1989). To obtain detailed information, some in-situ or laboratory testing
may be needed for evaluating variables such as concrete strength, carbonation
depth, chloride content (Tassios et al, 1990). Furthermore, new modern tech-

nologies have resulted in non-destructive tests which now make it possible to
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detect deterioration and damage inside the concrete, and obtain needed infor-
mation without damaging the existing structure. Wiberg (1989) used ultra-
sonic testing to detect cracks and deterioration in concrete. Hillemeier (1989)
applied radar technology to locate prestressing tendons in concrete structures.
An active microwave imaging system was designed and used to determine the
number, position, and diameter of the different steel bars in concrete (Pichot
et al, 1990). New techniques from other fields have been reviewed by Nowak

(1990) with regard to their application in structural engineering.

From the condition survey, a list of anomalies in structural behaviour can be
assembled, which is indicative of possible defects. This list, together with other

information obtained, provides the starting point for the diagnosis.

1.2.3 Diagnosis of Defective Concrete Buildings

The terminology relating to diagnosis is in itself the cause of some confu-
sion, because researchers have used similar terms in different contexts. Hartog
(1989) used a term building diagnostics, and quoted a definition for it given
by the U S National Academy of Science as “all activities involved in judg-
ing how well a building performs its function through an understanding of the
building’s purpose, present use, environment and history.” Nowak (1990) de-
fined the diagnostic procedure as to “identify the critical parts or elements of
the structure, identify the cause of distress, monitor structural performance,
warn against failure, and provide statistical data for the development of design
and evaluation criteria.” However, CIB Working Commission 86 — Building
Pathology, considers that the diagnostic procedure has the purpose of finding
out the causes of defects (van den Beukel, 1991). In this chapter, the word
diagnosis temporarily refers to finding out the causes of anomalies in structural
behaviour as observed in the condition survey. A rigorous definition will be

given in Chapter 2.
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In the practice of treating defective concrete structures, diagnosis relies heavily
on the experience of the investigator (Majid et al, 1989; Beard and Tung 1988),
and the detailed diagnostic reasoning procedure which can single out the true
causes of a defect from a set of candidates, using the information available,
is lacking. Several publications have discussed diagnosis from the scientific
researcher’s point of view, and emphasised the need for a well-structured diag-
nostic procedure. Hartog (1989) stated: “I have emphasised the importance of
scientific method, of a structured approach to the investigation of building fail-
ures,” and that “Skill in problem-solving is often ascribed to an investigator’s
‘experience’, ‘insight’, Judgement’ or even ‘intuition’, but building diagnostics
is neither an arcane art nor a mysterious process. Many common problem-
solving techniques are used every day by the building diagnostician, though he
might not recognize them by name.” The importance and need for a system-
atic approach to building diagnosis is also well recognized by the CIB Working
Commission W86 (van den Beukel, 1991).

Due to the immaturity of building diagnostic methodology, Hartog (1989) sug-
gested that the terminology and conceptual framework of medical diagnostics
might be borrowed. He also discussed a number of problem-solving routines
which are appropriate to building diagnosis. He particularly emphasised the

importance of the recursive nature of scientific method, which is illustrated in

Fig. 1.1.

Warner (1981) used a diagnostic chart to aid in the diagnosis of concrete
structures, in which common symptoms are related to a list of possible causes
based on experience. An initial, tentative diagnosis is then made with the
help of this chart, and further confirmation is sought by retrospective analysis.

However, the detailed methods for this purpose are lacking.

The advantages of fault-tree analysis in building diagnostics has also been well

recognized, especially by members of CIB W86 (van den Beukel, 1986; Croce,
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Analysis

Experiment Hypothesis

Figure 1.1: The Recursive Nature of Diagnostic Method

1986). A fault-tree is a model that graphically and logically represents various
parallel and sequential combinations of events resulting in the occurrence of a
predefined top or main event (Hadipriono and Toh, 1989). An event is defined
as a dynamic change of state that occurs to a system element (Barlow and
Lambert, 1975). Events are connected by OR gates and/or AND gates. This
approach originally evolved in the aerospace industry in the early 1960’s, and is
one of the principle methods of systems safety analysis. It has been applied to
concrete diagnosis recently and an example of such applications is illustrated
in Fig. 1.2 (van den Beukel, 1986). From the figure, it can be seen that the
anomalies in structural behaviour and their possible causes are represented
by the top event and basic events respectively. Since there are only or gates
presented in this particular case, the occurrence of any single basic event can
cause the top event to occur. Therefore, the diagnostic problem is solved by
identifying and confirming a continuous path starting at a basic event and
ending at the top event. For a given top event, there are usually a large
number of different paths available, which link up with various basic events.
To prove a path, answers are needed to a series of linked questions regarding

the basic events, events, and circumstances contained in the path. However,
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these answers usually can not be obtained with certainty in practice, and
hence it is difficult to obtain a conclusive diagnostic result based on the fault-
tree if information available is incomplete. Applications of this approach to
concrete diagnosis in the literature are still very limited, and detailed methods

for reaching diagnostic conclusions are needed.

As can be seen from the above review, although the importance of having a sys-
tematic method for concrete diagnosis has been well recognized, and a number
of publications regarding diagnosis have appeared, including the application of
techniques in other fields, detailed methods for diagnostic reasoning specifically

for concrete structures are still lacking.

After an existing structure has already undergone condition survey and diagno-
sis, in which all indications of structural deficiencies and defects are identified,
and the true causes or most likely causes have been determined, condition eval-
uation is carried out next to determine the structure’s capability of satisfying
various requirements for its future use. This is also referred to as structural
evaluation, structural assessment, condition assessment or condition evalua-
tion in the literature, and relevant work on this subject is reviewed in the next

section.

1.2.4 Condition Evaluation of Existing Concrete Struc-

tures

Depending on the characteristics and severity of identified anomalies in struc-
tural behaviour, an assessment is usually needed to evaluate the structural
condition regarding various requirements such as durability, serviceability and,

in particular, safety.
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Durability Assessment

Unlike safety and serviceability requirements, durability is a vague concept.
Strictly speaking, durability assessment can not bei\glgé;gr}jéﬂparated/from ser-
viceability and safety related problems. However, the difference is that the
study of durability problems has to include effects of time, while serviceability

and safety requirements are usually evaluated at a specific time.

In the design of a new structure, durability requirements are achieved by obey-
ing relevant specifications in adopted codes on factors such as materials, mix
properties and workmanship. For an existing concrete structure, however,
there is no code to apply, and the assessment of durability usually requires a
study of factors such as deterioration, corrosion, and chemical attack. For this
purpose, research into the individual deterioration mechanisms of construc-
tion materials exposed to various environmental conditions has been extensive
(Tonini and Dean, 1976; Rostasy and Bunte, 1989; Gulikers, 1989; Hilsdorf,
1989; Page et al., 1990). However, the effect of the degradation of materials on
the analysis of structural behaviour requires further study. In practice, quali-
tative and descriptive approaches based on personal experience are widely used
in durability assessment. For example, Sakai et al (1990) evaluated a concrete
structure subjected to chemical attack. The steel bars inside the concrete were
assessed on the basis of the carbonation depth of concrete, and the corrosion
of the reinforcement was classified as grade I, II, III, or IV. Concrete proper-
ties such as chloride content were also measured, and the structural members
were finally judged as being in deterioration degree 1 or degree 2 according to
the severity of deterioration of steel bars and concrete. In a similar approach
proposed by Chung (1991), the damage intensity of reinforced concrete due
to corrosion is assessed from the condition of the concrete and steel in the
member. The condition of concrete is classified as “satisfactory”, “poor”, “se-

rious”, or “very serious” according to the carbonation of the concrete cover
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and chloride content. Relevant repair techniques are then recommended for
the concrete according to the deterioration level. These methods are obviously
only concerned with the properties of the component materials regarding in-
dividual deterioration mechanisms, and are very much experience-based. A
unified condition measure for a structural member or a structure concern-
ing all aspects of deterioration based on a quantitative approach is obviously
needed. For this purpose, Roper et al, (1985) developed a set of useful equa-
tions for assessing the durability of concrete members. Upon the study of 50
deterioration phenomena commonly present in defective concrete structures,
three descriptors, called Measurement, Intensity, and Distribution, are defined
for each of the phenomena. These descriptors are in turn calculated quanti-
tatively by three unified eqations, and the durability condition of a structural

member is then represented by these three values,

From the above brief review on durability assessment, existing approaches tend
to evaluate only the severity of individual deterioration phenomena. Conse-
quently the remedial recommendations are often determined from experience.
Due to the lack of knowledge about the relationship between a deterioration
phenomenon and the material’s property change with time, quantitative mea-
sures of structural durability such as service life in terms of years based on
accurate calculation seems impractical for the time being, and those existing
experience-based methods are relatively useful from a practical point of view.
However, a unique measure is obviously needed to describe the durability con-
dition of a structure for various deterioration phenomena. Although linguistic
words such as “good” and “satisfactory” are used in methods reviewed previ-

ously, they can not be compared on the same basis.
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Serviceability Assessment

Serviceability problems in existing structures are in many cases noticeable on
inspection, and the necessity of corrective work is relatively easy to decide
based on the comparison of the intensity of observed anomalies in structural
behaviour, such as excessive cracking, with various requirements in terms of
relevant limits, such as limit on crack width specified by codes. Potential
serviceability deficiency may be identified according to the causes of anomalies
occurred. For these reasons, attention should be focused on diagnosis, and a
rigorous assessment regarding the relevant serviceability requirements is not

as important as in safety and deterioration problems.

There are few methods mentioned in the literature purely for assessing ade-
quacy with regard to serviceability for existing structures. Instead, assessment
of the general condition of the structure is carried out by considering both dura-
bility and serviceability. For example, in a rating system developed by Sabnis
et al, (1990), structural members are placed in one of the following states:
“good condition”, “minor deterioration”, “major deterioration”, “hazardous”
according to the severity of cracking, corrosion and humidity. The general
condition of the structure can then be determined by the member conditions.
These experience-based approaches have also been formulated using fuzzy set
theory so that the non-numerical subjective data obtained in linguistic form
can be processed systematically. Tee et al (1988) developed a fuzzy mathemat-
ical approach for bridge condition evaluation, in which the subcomponents of
the bridge structure are first inspected, and their conditions and importance
are then rated according to the physical states and related functions in the
structure. The results for each component are represented in linguistic terms

such as “good”, “poor”, and described by fuzzy sets. The overall condition of
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the bridge is represented by the weighted average, and obtained by:
SSWiE,
R=-"‘F—— (1.1)
W,
where R; and W; represent the rated condition and importance of the it

structural member respectively.

It is important to note that serviceability and durability problems should not
be mixed up. Time plays an important role in durability assessment, while
time-dependent deterioration of materials is usually not considered in the eval-

uation of serviceability.

Safety Assessment

For safety assessment of a possibly defective concrete structure, there is a trend
to use simple approaches in conjunction with experience-based judgement in
practice, in order to avoid complicated structural analysis, especially when
methods for such analysis are not well established. In a reported case study
by de Brito et al (1989), tests were made to explore the strength of the con-
crete, and although the structure had deteriorated, the fact that the measured
concrete strength was higher than the original design value led to the conclu-
sion that the structure was safe. Generally, though, evaluation of materials is

not a sufficient basis for structural adequacy.

Even if structural analysis is carried out, the code-specified design methods
are usually adopted (Shroff, 1986; Majid et al, 1989). However, due to dif-
ferences in the physical state of the structure between the design phase and
the stage of assessment, the use of design methods for the safety evaluation
of an existing structure may sometimes lead to incorrect results. Code de-

sign methods deal necessarily with the uncertainties of creating a structure at
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some time in the future. In an existing building, many of these uncertainties
can be eliminated in the assessment process. Therefore, use of the partial
safety factors of a design method may lead to over-conservative results. On
the contrary, when a structure shows signs of being defective, the causes of the
defects may play an important part in evaluating the safety of the structure.
However, the design codes do not consider the influences of all specific causes,
and assume that the design and construction of the structure are under some
standard quality control scheme which results in an acceptably low probability
of committing errors in the design and construction phase. If it happens that
the true causes are not confirmed with certainty in the diagnosis (this is very
likely in practice), and/or the effects of causes on the safety evaluation have to
be accounted for by specifically modifying the model or relevant equations of
structural analysis, code-based safety assessment may lead to unconservative
results, and this is highly undesirable. For these reasons, particular care is
needed if a code-based deterministic approach has to be used. More realis-
tic methods for safety evaluation of existing defective structures are required,
which can handle uncertainties rationally, and have a sound theoretical ba-
sis. For this purpose, probabilistic methods and fuzzy set-based approaches
are well developed for structural safety evaluation (Thoft-Christensen, 1982;
Melchers, 1987; Blockley, 1975; Brown, 1979). Related work in these areas will
be reviewed in some detail in Section 3.2 and Section 3.4 of Chapter 3, and

will not be discussed further in this overview.

1.2.5 Decision-making and Repair Techniques

After the completion of diagnosis and condition evaluation of a given struc-
ture, it is necessary to decide what action, if any, needs to be taken. Although
different courses of action can be identified for specific problems, depending

on the severity of defects and the owner’s resources, as indicated by several re-
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searchers (Warner and Kay, 1983; Chung, 1991), the following broad categories

are usually a subset of those to be considered in treating defective concrete

structures:

do nothing, on the judgement that the structure will be able to satisfy

all relevant performance requirements;

e monitor the structure in service, in order to check more carefully on

performance and deterioration;

e undertake repair or corrective work in order to bring the structure into

an acceptable condition;

e undertake repair or corrective work after taking the structure temporarily

out of service;

o take the structure out of service with the possibility of demolition and

reconstruction;

e Other options in particular cases.

Choosing the most appropriate action for any particular problem is not an
easy task. The decision usually needs to take account of both the technical
and financial aspects of the problem. Technically, both the necessity and con-
sequences of taking a particular course of action have to be considered with
regard to durability, serviceability and safety conditions of the structure be-
fore and after the action is executed. Financially, it is desirable to choose the
action which is the cheapest and also capable of producing a durable, service-
able and safe structure. However, due to the lack of systematic approaches
for this purpose, courses of action regarding the remedy of defective structures
are usually determined on an ad hoc basis in practice. Frequently, the deci-
sion to strengthen a structure is determined conservatively from experience

(Beard et al, 1988; Mahamond et al, 1989; Pakvor et al, 1989; Tassios at al,
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1990) without a rational evaluation of necessity and efficiency. In many cases,
corrective work is planned solely according to the causes of defects (Majid,
1989). When difficulties arise from diagnosing the true causes, actions are oc-
casionally taken arbitrarily. Warner and Kay (1983) tried to apply statistical
decision theory (Raiffa, 1970) to the establishment of a rational approach in se-
lecting relevant repair strategies for dealing with defective concrete structures.
In the method, possible consequences of each course of action and the risk of
failure are considered, and the final action is chosen in such a way that the
expected cost is minimized. Although the approach has presented a framework
for applying decision theory to the planning of appropriate actions in treating
defective structures, detailed methods for estimating relevant probabilities and

evaluating consequences were not discussed.

Basically the majority of the existing methods for making a decision in regard
to a repair strategy are based on the engineer’s personal experience. Some well
developed approaches (Chung, 1991) are domain-dependent, and only appli-
cable to very narrowly defined fields. Importantly, the risk of making a wrong
decision and the related consequences such as structural failure are not I‘/étljo-
nally treated in most of those experience-based methods. Although Warner
and Kay’s approach seems promising, many detailed procedures involved are
yet to be developed. For these reasons, a well structured and universal ap-
proach is needed, which can be used to find the most appropriate course of

action for general problems using the information available.

If there is such an approach, a set of relevant courses of action with regard
to repair have to be designed so that a choice can be made. For this pur-
pose, depending upon the specific problem, various detailed repair techniques
are available (O’Donnell, 1989). Generally speaking, repair of concrete struc-
tures is carried out to improve durability, strength, function and appearance.
For these purposes, there exist a variety of different methods, techniques and

materials which can be adopted in specific cases, for example, the use of epoxy-
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bonded steel plate for strengthening (Rostasy and Ranisch, 1982), strengthen-
ing and stiffening by external prestressing (Trinh, 1990), various epoxy resins
and mortars for crack repair (ACI, 1978; Brgndum-Nielsen, 1978; Hewlett and
Morgan, 1982). The detailed discussion of such techniques does not fall within

the scope or purpose of this thesis, and hence will not be pursued here.

1.2.6 Non-destructive Test-based Approaches

In previous sections, the process of dealing with defective concrete structures
has been briefly reviewed. With the application of new electronic devices
to structural engineering, the use of non-destructive test-based methods for
diagnosing and assessing defective concrete structures is becoming popular.
System identification (Sage et al, 1971) is one such approach, which relies on
the results of dynamic tests conducted on the existing structure. A theoretical
model of the structure (system) is firstly assumed, and parameters involved in
the model are then estimated in such a way that the dynamic response of the
structure obtained from the test is similar to model predictions. The analytical
model of the structure is thus tuned using the test data. This process is also

referred to as structural identification (Hart and Yao, 1977; Liu and Yao, 1978).

The use of structural identification techniques in damage assessment of con-
crete structures has been discussed in various publications. Agbabian et al,
(1990) conducted a test on a model bridge to study the structural changes
by analyzing the response measurements and parameter variation. Flesch and
Kernbichler (1990) used this technique to inspect the safety condition and de-
tect damage in large bridges. The basic concept of these approaches is that
damage, in general, decreases the structural stiffness and increases damping,
and this in turn results in changes in the dynamic properties. Other similar
studies have been carried out by Casas et al, (1990), Vestroni and Capecchi
(1987), and a comprehensive review of this topic was given by Yao (1985).
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Structural identification is a new technique in the evaluation of existing con-
crete structures. Several technical problems, however, are still to be solved.
For example, the structural response from a dynamic test is recorded by sen-
sors which always contain a certain amount of noise. The presence of such
noise can influence the accuracy and reliability of various system identification
algorithms. On the other hand, as a result of limited dynamic load applied on
the tested structure, the measured responses may be insensitive to changes in
some structural parameters of interest. Also, the method does not give reliable
information on the strength of structural members. Due to these shortcomings,

the application of this technique is still very limited in practice.

1.2.7 Summary and Conclusions

From this overview, it seems that researchers and engineers basically agree on
the general process to be adopted for the maintenance, repair and rehabilita-
tion of existing defective concrete structures. This process consists of a number
of procedures including condition survey, diagnosis, condition evaluation and

decision-making as illustrated here in Fig. 1.3.

Condition Survey

Diagnosis

Condition Evaluation

v

Decision—making

Figure 1.3: General Process of Dealing With Existing Structures
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However, detailed methodologies for diagnosis, condition evaluation and decision-
making have not been well established, and relevant literature available on
these subjects is very limited. For these reasons, the task of dealing with an
existing defective concrete structure in practice is usually carried out in an ad
hoc manner. Although experienced engineers have implicit ability to assess
a structure and make relevant decisions based on their own judgements, the
decision of this type is too often made without the aid of formal models con-
sidering the balance between the imposed cost and the possible consequences
(or outcomes). It is reasonable to argue that such a decision-making process
may not always be suitable for dealing with existing concrete structures. This

is particularly the case when new and difficult problems are encountered.

On the other hand, the existing process of dealing with defective structures
itself needs to be further developed. Firstly, procedures involved in this pro-
cess are highly inter-related, and the output of one procedure is the input
of the next. Unfortunately outcomes of these procedures usually contain un-
certainties due to the incompleteness of information available, and hence a
practically useful process has to logically integrate these procedures in order
to make decision under uncertainty. The simple process illustrated in Fig. 1.3
is not suitable for this purpose. Furthermore, the individual procedures in-
volved can not be undertaken in the simple sequence as in Fig. 1.3 due to
practical reasons. For example, if a structure shows signs of defects, after the
inspection, an immediate decision has to be made as whether to take urgent
action to protect the property and human life. In this case, the engineer can
not afford to wait for detailed information to go through the intermediate steps

of thorough diagnosis and assessment.

Based on the above discussion, it can be concluded that detailed methodologies
for diagnosis, condition evaluation and decision-making need to be developed,
but also that a comprehensive process of integrating these procedures in a

methodical way is essential for the treatment of existing defective concrete
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structures. This thesis attempts to fulfill these tasks.

For this purpose, an overall process of treating existing structures is firstly
proposed in the next section, and relevant details needed in the process are

then developed in later chapters of this thesis.

1.3 The Overall Process for Dealing With De-

fective Concrete Buildings

An overall process for dealing with existing defective concrete structures, par-
ticularly for buildings, is proposed in Fig. 1.4. Although there are a lot of
details lacking at this stage, an overall picture of the work to be carried out in

this thesis can be seen from the flow-chart.

The process starts with the inspection of the structure, and a set of anomalies
in structural behaviour can be obtained. With the information gained through
various actions such as an interview with the owner or occupants and study of
available documents, preliminary diagnosis is undertaken to identify possible
causes of the obtained anomalies. Preliminary condition evaluation is carried
out next to determine the real physical state of the structure with regard to
structural requirements of safety, serviceability and durability. Based on these
results, a decision is immediately to be made as to whether urgent action
is necessary or not, using the available information. If the structure is in
danger of immediate collapse, appropriate action is taken to protect human
life and property. After the selected action is executed or if such an action is
unnecessary, an immediate decision needs to be made as whether to continue
the process of assessment. If the information available up to date is sufficient
to make a terminal decision or if the process has to stop for whatever reasons,

feasible courses of actions are then evaluated, and a final decision is made as
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appropriate. Otherwise, the process advances to the step of gathering more
information by means of tests. Using the new information obtained from the
tests, the diagnosis and condition evaluation can be updated. Based on the new
results from the updated diagnosis and condition evaluation, it is necessary to

decide again on the necessity of taking urgent action.

After all this, an appropriate course of action needs to be determined for the
given structure. For example, if the structure is evaluated as having inad-
equate safety, a remedy for strengthening the structure would be required.
However, due to the incomplete information available, outcomes of diagnosis
and condition assessment are usually presented with some uncertainty. This
can only be reduced at the expense of acquiring more information. Therefore,
a decision has to be made at this stage on whether to continue the process by
obtaining new data to improve the precision of diagnosis and assessment, or
to take the chosen course of action based on the current information. If the
latter is the case, the process ends when the action is executed. Otherwise, the
process goes back to the information gathering step, and more tests have to be
conducted. The term test here should be interpretated in a broad sense, i.e.
it includes not only experimental work but also any other information gather-
ing activities such as analysis or even study of relevant documents. Using the
new knowledge obtained, diagnosis and condition evaluation are updated, and
a new decision is made. The process thus works iteratively until a terminal

decision is made.

The overall process of dealing with existing concrete structures has been pro-
posed above. The objective of the rest of this thesis is to develop relevant
methods for the steps in the process, and hence to further elaborate the flow-
chart in Fig. 1.4 with details. Of particular importance are the decision-making
steps, represented by diamonds in the flow-chart. The specific objectives and

scope of the thesis are outlined next.
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1.4 Objectives and Scope of Thesis

The general objective of this study is to develop a detailed, systematic process
for dealing with defective concrete buildings based on sound theories. Specific

objectives are:

1. development of a diagnostic procedure which can be used to find out
the most likely causes of anomalies in structural behaviour observed

in a concrete building;

2. development of a method to assess the condition of existing concrete

buildings, in particular those which are damaged or defective;

3. development of a decision model which is able to decide “what to
do” about a given concrete building using the results from diagnosis

and condition evaluation, with incomplete information;

4. development of a detailed, comprehensive process for dealing with
existing defective concrete buildings by integrating these three steps

together.

The study is primarily concerned with problems related to existing concrete
buildings which are damaged or become defective as the result of “ordinary”
causes. The term ordinary is used to exclude other extreme causal events like
fire or earthquake which are special problem areas. The fatigue phenomenon

is also ignored because it rarely controls in building design.

1.5 General Terminology

Before specific procedures are described, it is necessary to define the terminol-
ogy to be used throughout this thesis. Additional terms which are used for a

specific method will be introduced in appropriate chapters.
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To be consistent with concepts in structural design, some terminologies of di-
agnosis, condition evaluation and related decision-making in this thesis are
defined in accordance with the philosophy of limit state design which specifies
various structural requirements through relevant limit states. For example,
the serviceability limit states define the requirements for structural per-
formance when the structure is subjected to service loads and normal envi-
ronmental conditions, while ultimate limit states define the requirements
when extreme conditions of overload and environment are considered. In ad-
dition, a structure usually has to satisfy various non-structural requirements

for functional purposes.

Based on this philosophy, a concrete building or one of its structural members
will be said to be defective if it does not satisfy one or more of the limit state
design requirements. Specifically, a structural defect is the non-satisfaction
of a structural requirement, either serviceability or strength. In addition, a

functional defect occurs when a functional requirement is violated.

Usually defects in a structure are initially indicated by various anomalies. An
anomaly is an unusual or undesirable pattern of structural behaviour which

is observed during the operation or inspection of the structure.

1.6 Layout and Contents of Thesis

In Chapter 2, a literature review on diagnostic techniques in other fields such
as medical science is carried out. A diagnostic method for concrete buildings is
then proposed, in which the most likely explanations of the observed anoma-
lies can be identified through a hypothesis-and-test process using information

available.

Chapter 3 describes the development of methods for condition evaluation of ex-
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isting concrete buildings, following a literature review on structural reliability

theory and other techniques such as fuzzy-based safety assessment.

Statistical decision theory is briefly reviewed in the early part of Chapter 4,
and a procedure for deciding on the course of action to be taken for a defective
concrete building is developed from this theory using the results of diagnosis

and condition evaluation described in Chapter 2 and Chapter 3.

In Chapter 5, an extensive overall process of dealing with existing defective
concrete buildings is established by assembling logically the procedures already

developed.

Chapter 6 gives two examples of solving real problems using the process pro-

posed in Chapter 5.

Chapter 7 contains a brief summary, and recommendations for future research

work.

Finally, the appendices list some statistical information on basic variables,
which may be needed in carrying out some of the procedures proposed. This

information has been taken from existing literature.
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Diagnosis of Defective Concrete

Buildings

2.1 Introduction

The identification of explanations for the observed anomalies is a crucial step
in the whole process of dealing with potentially defective concrete buildings.
Other procedures such as condition evaluation and decision-making with re-
gard to the corrective work all rely on the output of the diagnosis. In this chap-
ter, a method is developed with the aim of providing a systematic approach

for engineers to diagnose existing buildings in a well-structured manner.

Although diagnosis has not yet been extensively studied for existing concrete
structures in current research, various diagnostic techniques have been well-
established in other fields such as medical science, and it is beneficial to use

this experience of diagnostic research as a reference in the development of our

29
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own method for concrete diagnosis. For this reason, literature on research into

diagnostics in related fields is briewﬂyﬁreviewe(_'il,in the next section.

2.2 Diagnostic Methods In Other Fields

Extensive research has been conducted in medical diagnosis and mechanical
and electrical trouble shooting in the last few decades. A major emphasis of
this research has been placed on developing computer-aided automatic diagnos-
tic systems. In these systems, diagnostic reasoning mechanisms and relevant
expertise used by human experts are acquired and explicitly stored in comput-
ers so that the user of the system can diagnose like an expert. While relevant
publications on diagnostic methods developed in these fields are ‘briefly (féi
viewed here, there is no intention to deal with the design and architecture of
these systems. Instead, the primary emphasis is on the techniques for diag-

nostic reasoning used in these systems.

2.2.1 The Overall Process of Diagnosis

Although different approaches may be employed for diagnosis in various areas,
existing methods seem to follow a common process (Weiss et al, 1978; Peng
and Reggia, 1987a; de Kleer and Williams, 1987). This process is usually
triggered by a set of anomalous patterns of behaviour observed in the system
to be diagnosed. The anomalous behaviour has generally been referred to in
the literature as symptoms, signs or manifestations. The task of diagnosis
is to identify a set of causes which are responsible for the identified symp-
toms. These causes are usually diseases in medical diagnosis, and faults in

mechanical and electrical trouble shooting.

For this purpose, a hypothesis-and-test procedure is usually adopted whereby
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the hypothesisis a set of diseases or faults that can explain the observed symp-
toms, while the test is an experimental action that can confirm a hypothesis
or provide additional relevant information. This procedure is schematically

illustrated in Fig. 2.1.

Given Data
(e.g. Symptoms)

A

Reasoning |=

A

Hypotheses (HiHz'Hn), Test
Most Likely Hypothesis H

Select
Tests

Figure 2.1: The Process of Diagnosis

As can be seen from the figure, after valid symptoms are identified from the
given system, a reasoning procedure is used to generate a set of possible solu-
tions — hypotheses, denoted by H, and to rank these hypotheses according to
their likelihood of being true. The most likely hypothesis H* is distinguished
from others using the obtained rankings. A decision is then made to accept or
not accept H*, using an appropriate criterion. If H* is confirmed by the in-
formation available and hence accepted, the process of diagnosis terminates at
this stage. Otherwise, additional tests have to be chosen and conducted. The

hypothesis set H and the ranking of its members are accordingly updated us-
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ing the new information resulting from the testing, and the diagnostic process

continues.

In the hypothesis-and-test process discussed above, a major task of the reason-
ing procedure is to rank all possible hypotheses using techniques available such
as probability or fuzzy set theory. Criteria for accepting the most likely hy-
pothesis H* and selecting a test are usually dependent on the ranking method
adopted. Obviously the reasoning mechanism is the most important part in

the diagnosis, and therefore will be the focus of this literature review.

2.2.2 Probabilistic Reasoning for Diagnosis

Many existing systems for medical diagnosis (Ben-Bassat, 1980a; Reggia et al,
1985a, 1985b; Lauritzen and Spiegelhalter, 1988) and electrical or mechanical
trouble shooting (de Kleer and Williams, 1987) have been developed using
probabilistic reasoning. Although various detailed procedures can be adopted
for this purpose, the reasoning mechanism used in all these approaches is more
or less Bayesian in style. Specifically, possible symptoms of human patients or
mechanical systems are related to a set of diseases or faults, with the strength of
these relations defined in terms of relevant conditional probabilities. With the
evidence such as identified symptoms, diagnostic reasoning is used to evaluate
the updated posterior probabilities of those diseases or faults from their prior
probabilities. Diseases or faults are hence ranked by their probabilities, and

the most likely disease or fault is the one which has the highest probability.

For this purpose, assuming that there are m possible causes C = C1,Cy, -, Cp,
to be considered for an observed pattern of symptoms, the prior probabil-
ity of C; is assessed and denoted by P'(C;). After the set of symptoms

S = (s1,82," -+, Sn) are observed from the given system (patient or machine),
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the posterior probability of the #** cause C; is givén by:

P(Cz I S1, 89, .73'”) — mP (CZ) ’ P(Sla*S?:' *tySn l Ol) (21)

ZPI(Cl) ’ P(81732) Ty S | Oz)
=1

where P(s1, 82, -+ ,8n | C;) is the joint probability of sy, ss,---,s, conditional
on C;. However, this formula is only suitable for diagnostic problems in which
only one cause can be true. Although a multi-cause problem, in principle, can
be transformed into a single-cause problem by defining a new set of possible
causes which consists of all the 2™ possible intersections of Cy,Cy, -+, C,,, e.g.
(Cy,Cq,C1Cy, ¢) for m = 2, where ¢ is an empty set, the exponential increase

in the number of causes makes this approach impractical as m increases.

For this reason, Ben-Bassat (1980a) assumed that all causes in C' are mutually
independent, i.e. the probability of C; being true does not affect the probability
that Cf is true given a pattern of symptoms observed. It has to be mentioned
that if C = (Cy,Cs, - -+, Cy,) are mutually exclusive and exhaustive, members
in C are then mutually dependent, since the existence of any one cause will
exclude the occurrence of all others. Under this independence assumption,
Ben-Bassat applied Eq. 2.1 to determine the probability of each cause C; in
the following manner: Let C; denote the event that the cause C; is responsible
for the observed symptoms, and C; denote the complementary event that the
cause C; is not responsible for the occurrence of identified symptoms. C; and
C; thus constitute a mutually exclusive and exhaustive set, and hence the
posterior probability that C; is the cause of an observed symptom pattern
S = (81,82, -, Sn) is given by:

P(C; | 81,82, ,8n) =

P'(C;)- P(s1,82,+++,8, | C})
P'(C;) - P(s1,82, -+, 80 | Ci) + (1 = P'(Cy)) - P(s1,82,- 80 | C)

(2.2)

In this way, by applying Eq. 2.2 for every element of (', the probability of
each cause P(C;) can be obtained, and these P(C;)’s constitute the solution of

the problem. Alternatively, since Cy, Cy, - - -, C, are mutually independent, the
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probability of any multi-cause set can also be evaluated as the product of the
corresponding probabilities of the relevant causes involved. This method has
been applied to real problem- solving (Ben-Bassat, 1980b) and demonstrated

its usefulness in certain domains.

Obviously due to the difficulty of handling too many members in a multi-cause
set, Ben-Bassat’s approach transformed the multi-cause diagnostic problem
into a single-cause problem based on the independence assumption. Actually
the multi-cause diagnostic problem has been tackled by many researchers in
different ways. Reggia et al (1985a, 1985b) proposed a so-called generalised set
covering model which deals with the multi-cause problem in a very meaningful
manner. To demonstrate this method, an example is given in Fig. 2.2 in which
there are two symptoms S = [sy, s3] and three diseases D = [dy, d3, d3]. Causal
relationships between diseases and symptoms are denoted in the figure by
appropriate lines, e.g. s; can be caused by d; and/or d;, and s, can be caused
by d; and/or d3. From the assumed relations, the hypothetical solution — the
hypothesis can be found using the concept of set covering. For this purpose,
a hypothesis is firstly defined as a set of diseases which can fully explain, or
cover, all of the presented symptoms. Under this definition, hypotheses for
the example in Fig. 2.2 will include Hy = (d1), Hy = (ds,ds), Hs = (dy,ds),
Hy = (d1,ds, ds).

It has to be mentioned that there are only four valid hypotheses in this partic-
ular example, but for a complicated problem in which the number of possible
diseases is large, the hypothesis set H generated in this way could become
too big to handle. To overcome this difficulty, Reggia et al used a mini-
mal cardinality principle to restrict the valid number of hypotheses, i.e. in
the hypothesis set H, only those members which contain the minimum num-
ber of diseases will be considered at the next stage of investigation. In fact,
this is another application of Occam’s Razor, which reflects the idea of

the simplest solution being the best among all possible solutions. Using this
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principle, the hypothesis to be considered for the example in Fig. 2.2 will be
H = H; = (dy), since H; contains the smallest number of diseases among
(Hy = dv, Hy = dyds, Hy = dids, Hy = dydyds), and H, thus identified is called
the tentative hypothesis.

With the hypotheses H obtained, the set covering model proceeds by confirm-
ing or eliminating some members of H using information available, and the
tentative hypotheses are used to guide further data gathering. If additional
symptoms are found as a result of new information, the tentative hypothe-
ses have to be modified so that all symptoms are covered with the simplest
H set. A set of experience-based rules are finally used to rank the tentative
hypotheses and no formal probability values are obtained for elements in H.

d, d. ds

Diseases

Symptoms
Sy Se

Figure 2.2: Causal Relations Used by Reggia et al

Probably the weakest part of the set covering model is the use of the min-
imum cardinality principle, because the tentative hypotheses obtained using
this principle may miss the inclusion of the true hypothesis. For this reason,
Peng and Reggia (1987a, 1987b) further improved the set covering model in
a comprehensive approach developed using Bayes’ theorem. In the method, a
hypothesis graph is firstly constructed from the established relations between
diseases and symptoms. For a given set of diseases d*, instead of finding all
hypotheses which can cover d*, a modified heuristic state space search method

is used to generate only those promising hypotheses which, however, guaran-
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tee that the most probable hypotheses are included. The diagnosis is then
focused on evaluating the probability of each member in the hypotheses thus

generated.

For this purpose, given a symptom s; and a disease d;, the causation event

s; : d; is defined as the event that d; actually causes s;. In other words, the
event s; : d; is true if and only if both d; and s; occur and s; is actually
caused by d;. The probability P(s; : d; | d;) is then called the conditional
causal probability of s; given d;, which represents the strength of the relation
between s; and d;. Also, the prior probability of each disease, P(d;), is assumed
to be known. Thus for a diagnostic problem with observed symptoms s* =
(81,82, Sm) and a set of hypotheses H = (Hy, Hy,- -, Hy,), the probability
of each hypothesis in H can be evaluated through Bayes’ theorem:

s* | H;)P(H;)
P(s*)

P(H;|s*) = il (2.3)

where the prior probability P(H;) is to be calculated from the prior probabil-
ity of each disease d;, and the conditional probability P(s* | H;) have to be
calculated from P(s; : d; | d;); P(s*) is a constant for a particular diagnostic
problem. However, since the hypothesis set H is not completely generated, the
constant P(s*) can not be obtained, and hence only the relative likelihood of

each H; is obtained in this approach.

Peng and Reggia’s method provides a good framework for dealing with multi-
cause diagnosis using formal probabilistic manipulation. However, due to the
large amount of computational work required, the approach is suitable for
building a computer-based automatic diagnostic system, but not particularly

useful as a practical procedure to be used by a diagnostician.

In diagnostic reasoning previously reviewed, probabilistic relations are defined
between only causes and symptoms. In real cases, however, a cause or fault
may be attributed to further causes, and symptoms can also have correlated

sub-symptoms. These further causes and sub-symptoms constitute a very im-
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portant part of information other than the previous defined causes and symp-
toms. To include this knowledge in the probabilistic reasoning, Pearl (1986),
and Kim and Pearl (1987) used a tree structure called « causal network or a
belief network to represent the relationship between various pieces of informa-
tion. The strength of these relations are also expressed in terms of conditional

probabilities. Two examples of the network are shown in Fig. 2.3, in which

(4) (4)
® () OO

& @ & @

b

Figure 2.3: An Example of Causal Network

each node represents a variable or proposition, e.g. symptom, disease, or sub-
symptom. The root node (node A in the figure) usually stands for the original
cause, e.g. disease or fault, and nodes on the tips of the directed graph (nodes
B, D, E) are data nodes which represent various manifested symptoms. Those
nodes which are needed to tie together the root node and the data node are
called intervening nodes. All nodes are not necessarily binary variables, and
hence each node can have many possible values. Directed arcs are used to
represent causal relations between two nodes, and the strength of this relation
is quantified by a conditional probability, e.g. P(c | a) denoting the probability

of node C, given the occurrence of node A.

After the prior probabilities of those root nodes and relevant conditional prob-
abilities have been assessed for an established network, the probability P; of

each node is evaluated and updated using new information available, while
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the conditional probabilities are kept unchanged. Since F; thus dynamically
changes, the probability of any node, say node B, is represented by the overall
belief in B based on the data D available up to date, and denoted by BEL(B),
i.e. BEL(B) = P(B | D). BEL(B) can be obtained by:

BEL(B) = aX(B)n(B) (2.4)

where « is a constant; A(B) = P(Dg | B), #(B) = P(B | D%) in which Dy
represents the data contained in those nodes of a sub-network rooted at node
B, and D} stands for the data contained in nodes of the rest of the whole
network. Obviously Eq. 2.4 is also derived from Bayes’ theorem, where 7(B)
represents the causal support attributed to B by the ancestors of B, and A(B)

represents the diagnostic support B receives from descendants of .

Using Eq. 2.4, the probability of each node can be obtained and stored. If
new information is gathered on a node ¢, the effect of this data on the belief
of any node in the network can be evaluated, and the node-probability is then

updated through a propagation procedure.

Exploring new information to reduce the uncertainty of a particular node is
called node expansion, and which node to be further expanded is decided by
the benefit of this expansion. For this purpose, the benefit of a node N in

resolving the uncertainty of node T is defined as:
BEFIT(T,N)=IMP(T,N)- E(N) (2.5)

where IMP(T, N) is called “important factor” determined by the strength of
dependency between T and N; and E(N) is the uncertainty of the node N

which is measured by its entropy:

E(N)= -3 P(n;) - log P(n;) (2.6)

Kim and Pearl’s work provides a good tool for solving diagnostic problems

in a well-structured way under the context of probability theory. However,
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the network used in this method is restricted to a special kind of singly con-
nected causal network (SCCN). A SCCN is defined as the network in which
one (undirected) path, at most, exists between any two nodes (Pearl, 1986). For
example, the network in part a of Fig. 2.3 is a SCCN, while the one in part b
of Fig. 2.3 is not. The latter is usually referred to as a network with “loops”.
This restriction certainly limits the applicability of the approach, since many

real problems can not be represented by a simple SCCN.

Probabilistic reasoning using a more general causal network has been proposed
by Lauritzen and Spiegelhalter (1988) in which loops are permitted. For a given
causal network with known conditional probabilities between linked nodes and
prior probabilities of root nodes, the ideal representation of our belief within
the network is the construction of a joint probability distribution over all those
nodes involved in the network. Relevant marginal probabilities on interested
nodes can then be obtained for the purpose of diagnosis. However, the compu-
tation for this purpose is usually a formidable task when the number of nodes
is large. To overcome this difficulty, Lauritzen and Spiegelhalter developed a
method which is capable of calculating the marginal probabilities on individ-
ual nodes efficiently without obtaining the joint probability distribution. For
this purpose, some topological changes are made to the original network, and
the resulting new network consists of a number of cligues which are defined as
sets of nodes that are all joined directly in the network. With this change, the
marginal probabilities on these cliques are evaluated, and the marginal proba-
bility on a single node can be easily calculated from the marginal probabilities

of relevant cliques.

By using this algorithm of efficient probability manipulation within the net-
work, one can determine the marginal probabilities of interested nodes that
are considered as causes of observed symptoms. This can be carried out for
any state of available information. If new data are gathered, the approach is

capable of absorbing the knowledge through the network and hence updating
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the node probabilities. The use of strict probabilistic methods also ensures
that the effect of multiple pieces of evidence does not depend on their order of

arrival.

When deciding what test is to be conducted next for gathering more informa-
tion on a particularly interesting node, say node A, “mutual information” is
used to determine how valuable another node is to node A. For example, the

mutual information between node A and B, M (B, A), is defined as:

M(B, 4) = £ legd S IP(E | AP(A) 2.

This approach provides probably the most comprehensive method for rigorous
probability calculation within a causal network, and is very suitable for con-
structing computer-based diagnostic systems. The application of it in medical

diagnosis can be found in the work by Andreaseen et al (1987).

In addition to the above formal probability-based diagnostic reasoning, a large
number of computer-aided diagnositic systems have also employed the sub-

jective Bayesian inference (Lesmoet et al, 1982) using some rules in the form

of:
If E then H with probability p, e I8 — H

where F can be evidence such as symptoms, and H is an hypothesis, e.g. a
disease. The probabilistic nature of this kind of rule has been summarized
by Duda et al (1976). Specifically, if the prior probability of H, P(H), and
the conditional probability P(E | H) are assessed, the posterior probability
of H after the evidence E is observed can be easily evaluated through Bayes’

theorem, i.e. :

P(H|E) =

P(H) P(;ﬂ | H) -

P(E
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in which P(E) = P(H)-P(E | H)+P(H)-P(E | H), and H is the complement
of H. However, sometimes the evidence £ may not be identified with certainty.
For example, the conclusion “I am 70 percent certain that F is true” from a
diagnostician only indicates that P(E | relevant observations) = 0.7. If E' is
used to denote the relevant observations, we can denote P(E | E') = 0.7. The

probability of H given E' is obtained as:

P(H|E') = P(H,E |EY+P(H,E | E (2.9)
= P(H|E,E)-P(E|EY+P(H|E,E") P(E|E") (2.10)

where E is the complement of E. If it is assumed that when F is known with

certainty, the observations E' relevant to E provide no further information

about H, Eq. 2.10 becomes
PH|E)Y=PH|E)-P(E|E)+P(H|E)-P(E|E) (2.11)

where P(H | E) and P(H | E) can be obtained from Eq. 2.8. Thus the poste-
rior probability of H given the vague evidence E' is represented by Eq. 2.11.

If there are several rules of the form Fy — H,---,E, — H all concerning
the same hypothesis H, the diagnostic problem becomes to evaluate the prob-
ability P(H | Ey,---,E,). For this purpose, based on the assumption that
those pieces of information are conditionally independent, i.e. P(E, -+, E,) =
[[P(E: | H) and P(E:,---,E, | H) = [[ P(B: | ), an analogous solution
::zaln be obtained from Eq. 2.8. =

Although probability-based diagnostic reasoning as reviewed above has been

very popular, fuzzy set theory is also widely applied in many existing diagnostic

systems, and this is briefly reviewed in the next section.
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2.2.3 Diagnosis Using Fuzzy Reasoning

Fuzzy set theory (Zadeh, 1965, 1973; Dubois and Prade, 1980) has been suc-
cessfully used in treating unclearly defined linguistic variables, and proves to
be a good tool for handling uncertainties. The application of fuzzy set theory
in diagnosis can be{'\ﬁequenﬂ% found in the literature (Gupta and Sanchez,

1982).

A fuzzy set is a collection of objects, in which there is a degree of membership
related to each object. For illustration purpose, the linguistic term “integers
close to 10” can not be described by an ordinary set, but can be easily repre-
sented by a fuzzy set A with its membership function in the form: 33 u () | z,

e.g.:

A=01|7+05[8+08[9+1|10+08[11+0.5]124+0.1]13 (2.12)

where € X; X is the ordinary set representing all integers, and is referred to
as the reference set; pa(x) denotes the degree of membership of « in the fuzzy
set A. For example, 0.8 | 9 means: “integer 9 belongs to A with the degree of

membership of 0.8”.

In diagnosis, many variables such as symptoms can be described by fuzzy sets.
For example, a symptom S; can be defined as a fuzzy subset S; of a reference
set X = (Xy,--+,Xn), characterized by a membership function ug (z). Set X
contains all possible values which can be taken by 5;. The membership function
p5,(z) defines the strength of z being in S;. In this context, if fuzzy sets S
and C represent symptoms and causes respectively in a diagnostic problem,

the causal relation if C then S can be described by a fuzzy operation called

fuzzy relation denoted by R (Zadeh, 1965; 1975a):
R=CxS (2.13)

in which the membership function of R can be obtained from that of ¢ and S

using relevant fuzzy calculations. With the observed symptom pattern defined
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by a fuzzy set 5*, the causes responsible for the occurrence of 5*, also described
by a fuzzy set C*, is obtained through another fuzzy operation, called fuzzy

composition:

C*=8*oR (2.14)

where the membership function of C* can be easily evaluated from that of 5*

and R.

Many fuzzy diagnostic reasoning techniques in existing approaches are based
on the fuzzy relation and fuzzy composition described above (Zadeh, 1975b;
Sanchez, 1979a, 1979b; Soula et al, 1980; Baldwin, 1981; Zadeh, 1983), al-

though various forms of relations may be defined for specific problems.

For example, Adlassnig and Kolarz (1982b) used fuzzy relation to build a
medical diagnostic system in which symptoms and diseases of a particular
kind are collected and represented by two ordinary sets S = (51,52, -+, Sm),
D = (D1, Dz,---,D,). Each S; and D; are in turn defined as fuzzy subsets
of relevant reference sets, and denoted by S; and D, respectively. Symptom-
discase relationships are described in terms of two dependencies. The first
dependency is the occurrence of a symptom S; in case of a disease D;, which
represents the knowledge about the possibility of the presence of S; given D;.
This “occurrence relation” is further represented by a fuzzy relation Rg de-
fined on the reference set S x D. The second dependency is the confirmability
relation which indicates the power of an observed symptom S; to confirm a
certain disease D;. The confirmability is also defined by a fuzzy relation R¢
on S x D. If the fuzzy set S* describes the observed symptoms on a particular

patient, four fuzzy indications can be calculated by means of fuzzy composition
(Eq.2.14):

1. Si, D; occurrence indication: R, = R* o Ro;

2. S;, D; confirmability indication: R, = R*oRg;

3. Si, D; non-occurrence indication: Ry =FE*o (1-Ro);
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4. S;, D; non-symptom indication: Ry = (1— R*) o Ro;

The final decision regarding the diagnostic result is to be determined based on

these four indications.

A similar approach using fuzzy relations is also used by Johnston (1985) in
diagnosing faults of the wastewater treatment process, in which a different

algorithm for fuzzy composition is adopted.

Although there are many other applications of fuzzy set theory to diagnostic
reasoning, methods reviewed in this section represent the most popular ap-
proaches in this domain, and demonstrate the relevant concepts clearly. More
literature on existing fuzzy-based diagnostic systems can be found elsewhere
such as Gupta, Saridis and Gaines (1977), Esogbue and Elder (1980), Gupta
and Sanchez (1982), Adlassnig (1982a), and will not be further reviewed here.

Techniques using probability and fuzzy set theory thus reviewed constitute
the majority of existing methods for diagnostic reasoning. In addition, some
other approaches are also frequently used in medical diagnosis and mechanical

trouble shooting, and are briefly discussed next.

2.2.4 Other Approaches for Diagnostic Reasoning

In either probability or fuzzy reasoning discussed in previous sections, symp-
toms are related to relevant diseases or faults in terms of conditional prob-
abilities or fuzzy relations assessed from ezperience or qualitative analysts of
the physical system to be diagnosed. In troubleshooting mechanical devices
or electrical circuits, however, some other approaches employ diagnostic rea-
soning based on the actual physical model of the devices or circuits, in which
the relationship between symptoms and faults is established according to the

measured behaviour of the model.
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De Kleer and Williams (1987) proposed a domain-independent method for di-
agnosing multiple faults. For a device to be diagnosed, if its behaviour can be
predicted without uncertainty from an established model which is a descrip-
tion of the physical structure of the device, a symptom can then be defined
as any difference between a predicted and observed behaviour. From relevant
measurements and records of the model behaviour, a set of such symptoms
can be identified. These symptoms are further related to one or more “candi-

dates” which are defined as a set of components of the device which are posstbly

faulted.

Under these definitions, a set of possible candidates are created through a
candidate generating procedure which is basically similar to Peng and Reggia’s
set covering model described on page 34. The difference i1s that in this pro-
cedure every possible cover is considered in generating the candidates, while
Peng and Reggia’s approach considers only the hypotheses having minimal el-
ements. The task of diagnosis is to confirm a particular candidate or to reduce
the number of elements in the candidate set until only the true candidates are
left. For this purpose, testing or measurements have to be carried out so that
the candidate set can be re-generated using the new information obtained.
However, the concept of probability is again employed to determine the most
valuable parameter to be measured in the next testing. Suppose there are a
set of parameters ¢ = x1, 23, -+, 2; to be measured in the testing. To choose
one from z, each member of the “candidate set” C' = (Cy,Cy, - - -, C,) obtained
above has to be ranked by its probability p;, which is subjectively estimated
using the knowledge currently available. The entropy FH is in turn defined

as:
FH = —sz- log p; (2.15)
=1
If a test is conducted to measure variable z;, which has possible values v;1, -+ +, Vi,

the expected entropy for measuring z; is evaluated by

ﬁ(xl) = ip(.’ﬂi = ’Uik)EH(.'Ei = Uz’k) (216)

k=1
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where p(z; = vii) is the probability that the variable z; equal vy, and EH (z; =
v ) can be computed from Eq. 2.15 conditioned on ; = v;;. According to the
calculated expected entropy, the best choice is to measure x;, if «; has the
minimum expected entropy among all variables to be measured. However, the

approach did not specify how the probability p; was estimated.

Methods using well-established models are also found in medical diagnosis. For
example, Weiss et al (1978) constructed a computerized diagnostic system in
which a detailed model is established to represent various pathophysiological
states in the form of a network. The causal relation between two states is
defined for all possible states with the deep understanding of a particular
kind of diseases. For instance, if n; and n; are two pathophysiological states,
the mapping n; X n; indicates that state n; is caused by state n; with the
numerical strength a;;. The belief in the truth of each state can be represented

by a confidence factor C'F'(n;).

The diagnostic procedure 1is carried out in sequences, and new information
about the pathophysiological states is obtained through experiments. The
confidence factor of each state can be updated accordingly. If a symptom or
a piece of evidence is observed from a test ¢;, a confidence measure is used to
indicate the degree of belief in the presence of specific states. For instance,
t; % n; means that the th test or evidence supports the presence of state n;

with confidence @);;.

To select a test to be conducted, relevant weights are defined for various states
presented in the causal network. For this purpose, a pathway can be identified
between any two states in the network. A “forward weight”of entering a state

n; from a single pathway starting at state n; is defined as:

G
wp(j 1 4) = [ arpn (2.17)
k=1
where ay, k41 is the causation strength between two adjacent states ny, ngyq in

the pathway as defined above. The total forward weight wg(y) of state n; is
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the sum of all weights wg(7 | ¢) for those pathways entering node n; starting
at the nearest confirmed state n; in the network. With a set of interested
states identified, the weight of these states can be evaluated from Eq. 2.17,
and the state with the highest weight should be focussed in the next stage of
information gathering. To do this, a set of tests can be designed, and the best

choice is the one which is cheaper than all others.

After a test is conducted, confidence factors of relevant states are updated. For
each state n;, if its confidence factor C'F(n;) is greater than a certain value,
the state n; is considered true. If several confirmed states form a continuous
path in the causal network, a particular pattern of pathophysiological states
can be identified and prove to exist. This pattern of states is then related
to a specific disease by a set of pre-defined rules derived from experience and
other relevant knowledge. Finally, the disease which has the highest confidence

factor is considered true, and the relevant treatment suggested accordingly.

The methods reviewed in this section either require a well-established model
to represent the physical structure of the system to be diagnosed, or need
a deep understanding of the system so that accurate prediction of relevant
behaviour is possible. These conditions are usually difficult to meet in dealing
with existing concrete buildings, and hence it is probably not convenient to
directly apply these methods for our purpose. Nevertheless, the strategies used
for test selection as well as the reasoning mechanisms are domain independent,
and could be useful in diagnosing defective concrete structures depending on
particular problems at hand. Many more similar approaches can be found in
the literature (Szolovits and Panker, 1978; Davis, 1984; de Kleer, 1986; Reiter,
1987), but will not be further discussed.
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2.3 Summary and Conclusions

It can be seen from the above discussion that an iterative process of hypothesis-
and-test has been widely adopted in most of the computerized diagnostic sys-
tems. This procedure works in cycles using the mechanism of abductive rea-
soning, i.e. it begins with a set of observed symptoms, and tries to find out
the best hypothesis which can fully explain the given pattern of symptoms
through a relevant process of information gathering, such as testing. Although
diagnostic problems are very diverse, the hypothesis-and-test procedure seems
to be suitable for a wide variety of diagnostic tasks. For this reason, the
hypothesis-and-test procedure will be adopted in the development of a method

for diagnosing defective concrete buildings.

In most existing approaches for diagnostic reasoning, relations between symp-
toms and causes are defined and measured by using either probability or fuzzy
sets. Probabilistic reasoning proves to be a very meaningful and practical tool
to deal with uncertainties in diagnosis, especially by the use of Bayesian sub-
jective probability, while fuzzy reasoning is more capable of treating variables
or symptoms which are vaguely defined or in linguistic forms. In this work,

probabilistic reasoning will be used.

However, available approaches for probabilistic reasoning are generally devel-
oped and used for the construction of computerised diagnostic systems. These
methods are not suitable for direct application to the diagnosis of concrete
buildings due to the following reasons. Firstly, a computerised automatic di-
agnostic system has a large data base created by collecting all possible causes
(diseases/faults) and symptoms for a specific kind of problem. In order to
carry out probabilistic reasoning, relations between the causes and symptoms
of the entire set have to be pre-defined in terms of conditional probabilities.
In the diagnosis of existing buildings, it is very difficult for the engineer to

create a complete set of diagnostic knowledge for a specific kind of problem.
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Secondly, as a result of using the large data base, complicated computation
procedures are usually needed to reach a diagnostic conclusion from the given
evidence. This is a big disadvantage for the engineer in diagnosing concrete
buildings, where simple calculations are obviously preferred. Therefore, the
method of diagnostic reasoning adopted for concrete structures will have to

overcome this difficulty.

For this purpose, consider the fact that unlike computers which need a com-
plete set of pre-defined rules to proceed diagnostic reasoning, engineers can
intelligently carry out relevant reasoning quickly in their mind using only the
information currently available. Then an attractive way is to have a simple but
well-structured procedure which can aid the engineer to process consistently
the knowledge obtained, and to update his belief when new data become avail-
able. This procedure has to be less rigorous mathematically than that used in
the computerised diagnostic systems, and easier to be carried out. Obviously,
an informal probabilistic approach based on Bayes’ theorem would be ideal for
this purpose. If so, a complete, yet simple and practical method for diagnosing
concrete buildings can be obtained by integrating this informal probabilistic
reasoning into the hypothesis-and-test process. It is for this purpose that such
a method is developed in the next section, for use in solving real problems in

practice.

Finally, terms like diseases, faults are frequently used and are clearly defined
in medical diagnosis and mechanical trouble shooting. However, similar termi-
nologies are not well defined for concrete diagnostics. For this reason, pertinent

terminology to be used will be defined whenever it becomes necessary.
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2.4 A Method for Diagnosing Defective Concrete

Buildings

2.4.1 Introduction

For a defective concrete building, diagnosis is usually triggered by a set of
observed anomalies. They are defined as the unusual or undesired aspects
of structural behaviour. Depending on the purpose of diagnosis, there can
be different goals to be achieved by carrying out the diagnosis. If liability-
related legal issues or insurance assessment are involved, the diagnosis is to
find out who is responsible for the occurrence of the observed anomalies and
any ensuing repair. On the other hand, if the purpose of diagnosis is to identify
causes of the anomalies so that an appropriate course of action can be chosen
to eliminate the causes and to rehabilitate the structure, then it is sufficient
for the diagnosis to search for a set of explanations which can fully explain the
occurrence of the anomalies within the context of concrete technology. The

latter is the case in this work.

However, although the term cause was already used by some researchers in con-
crete diagnostics (Warner, 1981; ven den Beukel, 1991), it has not been clearly
defined. Existing evidence indicates that the cause of an anomaly such as ez-
cessive cracking can in general be the consequence of some preceding causes,
€. rer e human error—improper curing—shrinkage—cracking, and
therefore it is almost impossible to go back to the original cause. Fortunately,
the identification of the original cause is rarely necessary in structural assess-
ment. For example, in the case of the cracking mentioned above, if shrinkage
can be confirmed as responsible for the occurrence of c¢racking, the decision
on the remedy of the cracking can be confidently made, and further investi-

gation on why the shrinkage has occurred becomes unnecessary. In this case,
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the cause shrinkage suflices for the purpose of structural evaluation and repair
planning. This kind of cause will be called an explanation in the rest of this
thesis to distinguish it from other causes. In general, a satisfactory explanation

can always be identified from a given chain of causes for an anomaly.

Based on this definition, the term diagnosis in dealing with potentially de-
fective buildings is defined here as the process of determining a set of technical
ezxplanations for the occurrence of the observed anomalies. To identify expla-

nations, relevant diagnostic data first have to be gathered and assembled.

2.4.2 The Representation of Diagnostic Data

At the beginning of diagnosis, the pattern of anomalies can be obtained from
the condition survey. For each anomaly, a set of causes can be identified
drawing on the engineer’s experience together with some common sense and
relevant knowledge of concrete structures. These causes are most likely to
form a set of causal chains. From each chain, an explanation can be ob-
tained according to the definition described above. For example, given an
anomaly “excessive cracking on the bottom surface of a concrete beam”, two

“..design error—inadequate reinforcement

possible cause-chains are as
—cracking”, “ - .construction error— early over-loading —cracking”.
Obviously the explanations in these cases are “inadequate reinforcement” and

“early over-loading”.

Although there is probably no text book from which one can draw possible
explanations for given structural anomalies, the following general approach
may be helpful. Explanations of an anomaly can usually be categorised, and
more specific explanations can always be figured out by dividing each category
into further sub-categories. For example, the explanation of “cracking” may

be worked out as:
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¢ Plastic cracking

PHYSICAL Drying shrinkage

\ Freeze/thaw action

¢ Corrosion of reinforcement

. . Overload during
CHEMICAL Alkali—aggregate reaction construction

\ Sulphate attack

Overload during

in—service period
/ Foundation movement

STRUCTURAL Overload
\ Lack of stiffness

Inadequate reinforcement

Badly located reinforcement
Low concrete sirength

Detailing problems

In fact, for most common structural anomalies in concrete buildings, related
explanations can usually be deduced from the three broad categories listed in
the above example, i.e. “physical”, “chemical” and “structural”. This can be
used as a general guide in the identification of explanations for most structural

anomalies.

The observed anomalies and their related explanations can be represented by
a tree structure. An example of such a tree is shown in Fig. 2.4 in which an
anomaly such as “excessive crack #1” is represented by a circle node, and rele-
vant explanations are included in various rectangles; the directed lines indicate
the causal direction between different nodes. For each anomaly, there usually
exist a set of attributes which represent the characteristics of the anomaly.
For example, attributes for “cracking” may include “the time of appearance”,
“crack orientation”, “crack width and length”, etc. These attributes, when
their values are known, can prove to be valuable information in diagnostic rea-
soning, and are represented by ellipse nodes in the tree. Also, according to our
previous definition, an explanation is only one representative cause in a chain
of causes of an anomaly. Therefore, an explanation in the tree can usually be

further explained by other causal factors which are represented in the tree by
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Construction

error
-—— (Causes

\

Incorrect placement ™~
Too heavy live load of reinforcement
I— Explanations
]
Shrinkage Early over-loading | :-* Inadequate
reinforcement P

Excessive

crack #1 <—— Anomaly

occurrence

@ ... (Width & length) =—— Attributes

Figure 2.4: An Example of Explanation Tree
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polygons. In diagnostic reasoning, confirming the existence or non-existence
of these causal factors will be in general very helpful for the identification of
the true explanations. The true explanations are those which really caused
the occurrence of the observed anomalies. The tree structure thus described
can be used to represent available diagnostic information in a well-organised
manner, and will be called an explanation tree throughout this thesis. For
a given pattern of anomalies, the task of diagnosis is to find out a set of true

explanations with the help of the explanation tree.

It has to be pointed out that although there is only one anomaly presented in
the explanation tree shown in Fig. 2.4, no restriction is placed on the number
of anomalies in such a tree. In fact, many diagnostic problems have more than
one anomaly presented, and all observed anomalies have to be included in the
explanation tree. For each anomaly node, the related explanation nodes have

to be as complete as possible in order to avoid missing the true explanations.

At different stages of the diagnostic process, the explanation tree can be modi-
fied according to new information available. For example, the causes in polygon
nodes do not necessarily need to be exhaustive, and new causal nodes may be
added any time when new causal factors are identified. Explanation nodes can
also be modified if necessary. For instance, at the early stage of diagnosis, ex-
planations like “inadequate amount of reinforcement” and “wrong location of
reinforcement”, denoted by e;, e; respectively, can be represented by a single
explanation “wrong reinforcement” to reduce the total number of explanation
nodes. At a later stage, however, when structural evaluation such as safety
assessment has to be carried out using the diagnostic results, the explanation
“wrong reinforcement” may need to be replaced by e; and e;. Obviously, the
identification of explanation nodes at any stage of the diagnostic process has

to relate to the purpose of the diagnosis.

In practice, the explanation tree can be constructed by an engineer who has an
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understanding of structural behaviour and some previous experience in con-
crete diagnostics. Of course, the people without such experience, but who are
familiar with basic structural analysis can also build the tree, but diagnostic
experience would certainly be helpful in creating a complete explanation tree
without missing any important explanation nodes. For example, existing ex-
perience strongly suggests the possible explanation for diagonal cracking on a

wall — differential foundation settlement.

With the explanation tree thus constructed for a given pattern of anomalies, it
is possible to create a set of hypotheses, and this is described in the following

sections.

2.4.3 The Candidate Set of Hypotheses

An hypothesis is defined here as a set of explanations which can fully account
for the observed pattern of anomalies. The generation of an hypothesis from
given anomalies can be easily made using an explanation tree. This is demon-

strated by an example with the related explanation tree shown in Fig. 2.5. S,

©
® ®

Figure 2.5: The Explanation Tree of An Example
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and S; are two observed anomalies which can possibly be caused by explana-
tions e;, e; and e3 with relevant causal relations denoted by directed lines;
the three explanations can in turn be caused by other factors/events denoted
by Cy, Cs,- - -; some common attributes of S; and S, are also listed in the tree
and denoted by b;;. From the explanation tree, it can be seen that the single
explanation e; can be responsible for both the two observed anomalies, and
hence e; is obviously an hypothesis. In addition, multi-explanations such as
eiez, eje3 are also feasible hypotheses. Based on the definition of hypothe-
sis given above, all possible hypotheses for S; and S, can be obtained from

Fig. 2.5 as H, = (e, e1€3, e1e3, €z€3, e1ez€3).

The set H, thus generated is exclusive and exhaustive. However, most real
problems will have explanation trees much larger than the one in this example,
and consequently a complete set H, may be very large. This can produce
difficulties for diagnostic reasoning, since the engineer is usually not very good
at handling hundreds of hypotheses at one time. Fortunately, some members in
H_ can usually be eliminated when information on relevant attributes and/or
causal factors of explanations are available. For example, in Fig. 2.5, if e, =
“over-loading during construction”, and s; = “excessive cracking” with its
attribute b;; = “the time of appearance”, e, is certainly a valid hypothesis
before the value of b;; is known. However, if new information reveals that s;
appeared 5 years after the structure was erected, and there was no cracking
observed right after the construction was completed, e, can then be eliminated

from Hg.

Therefore, the hypotheses in H, can be updated at each stage of the diagnostic
process using new information available. Even at the beginning of diagnosis,
information together with relevant experience are usually enough to eliminate
some members from H., and hence to only consider a limited numer of hy-
potheses in the diagnostic reasoning. For this reason, the set H, obtained

above is called the candidate set of hypotheses. The valid hypothesis set at any
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stage is a subset of H,., and only contains those elements which are realistic
possibilities. The hypothesis set is thus dynamic, and can be obtained from

H_ depending on the information available.

2.4.4 Formation of Hypotheses

The valid hypotheses are obtained from the candidate set H, by making intel-
ligent use of all available information. However, if the data available are not
sufficient to eliminate enough elements from H., the hypothesis set, if denoted
by H, could still be too large to be practically handled. More importantly, at
the beginning of the diagnosis, if no particular useful knowledge is gathered,
the hypothesis set H would be theoretically equivalent to H.. In these cases,
it is necessary to limit the number of hypotheses to be considered in H, as

long as the potential true hypothesis is included in H.

For this purpose, some useful principles and existing experience can be jointly
applied. For example, one widely used rule for forming hypotheses in many
computer-based diagnostic systems is the so called Occam’s Razor mentioned
on page 34, i.e. a simple solution is better than a complicated one. Consider-
ing the example shown in Fig. 2.5 in which the candidate set of hypotheses is
H. = (Hy, Hy, Hs3, Hy, Hs) = (€3, e1€2, €1€3, €ze3, e1eze3). The application of
Occam’s Razor would result in H = (H;) = (ez), since H; has the minimum
numer of explanations to cover the anomalies S}, S;, and hence is simpler
than any others. However, this seems too arbitrary, and could lead to over-
simplification. In order to avoid missing the true hypothesis in obtaining H
from Hc, the following rule can be used as a guide: the hypothesis containing
more explanations is less likely to be true than the one having fewer ezpla-
nations, unless eristing information suggests otherwise. However, in applying
this rule, the hypotheses to be eliminated from Ho have to be determined

by careful evaluation of all existing evidence so that the promising members
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remain in H. Experience can also play an important role for this purpose. For
instance, Hs = e;eze; may be eliminated in the above example, because past
experience indicates it is rare that all possible explanations are true simulta-

neously.

However, the hypothesis set H thus obtained is not complete, and there is a risk
of missing the true hypothesis. To guarantee the true hypothesis is included
in H, a pseudo hypothesis H® = others is added to H, which represent all
those hypotheses being ignored. In other words, if Hy, Hy,---, H; are valid
hypotheses obtained from the candidate set H., the hypothesis set H will be
formed as H = (Hy, Hy,---,H;, H®). At a later stage of diagnosis, if any
revealed evidence tends to eliminate members in Hy, H, - - -, H;, but support
some elements in H°, the set H then has to be revised, and relevant hypotheses
previously ignored have to be included. The hypothesis set H created in this

way is complete, and can be considered exclusive and exhaustive.

As the process of diagnosis proceeds, and more information is gathered through

experiments and other means, the hypothesis set H is usually reduced in size.

With the hypothesis set H thus generated from the given pattern of anoma-
lies, diagnosis must identify the true hypothesis H* from H. However, until
complete information is available, the confirmation of H* is difficult. It is al-
ternatively useful to rank the members of H in a rational way so that the most
likely hypothesis can be obtained under uncertainty. This can be achieved

through a procedure of diagnostic reasoning to be described next.
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2.4.5 Diagnostic Reasoning
Prior Confidence Factor

To rank the elements in a hypothesis set H = (H,, H,,-- -, H,,) obtained using
the procedure described in the last section, before any pertinent information
is gathered, the engineer has to estimate his/her degree of belief in how often
H; is true in practice from past experience and existing knowledge. It is con-
venient to represent this degree of belief by a numerical scale called the prior
confidence factor denoted by C F(H;). A real number between 0 and 10 can
be assigned to C'F(H;) for each hypothesis of H using a scaler shown below:

certainly itrue
impossible very rare seldom often very oflen  for all cases

| |

I i
0 2 4 6 8 10

where CF(H;) = 0 indicates that the hypothesis H; is impossible in practice;
a value of 10 represents that H; is true for all cases; and all other possibilities

fall between 0 and 10.

For a single-element hypothesis, the assessment of the confidence factor C F(H;)
can be easily made. However, for a multi-explanation hypothesis, such as
H; = ejej;1...e546, the assessment of CF(H;) may not be so straightfor-
ward. For this reason, in addition to relevant experience, the principle used
in the hypothesis formation can be applied, i.e. “a hypothesis which contains
more explanations is usually less likely to occur in practice than the one which

has fewer explanations.” For example, for two hypotheses H; = (ejeseq) and

H; = (es), CF(H,) would usually be smaller than C F(H,).
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After C F(H;) is thus assessed, it can be normalized over all members of H as:
CF(H))

P'(H) ==
> CF(H))

(2.18)

where ZPI(H,-) = 1. Since the hypothesis set H is considered exclusive
=1
and exhaustive according to its definition, the normalized value P'(H;) can

be loosely interpreted as the subjective probability of H;. For convenience,

P'(H;) is called the prior probability of H;.

Figure 2.6: The Explanation Tree of An Example

The numerical ranking of H; in terms of the prior subjective probability thus
obtained only reflects our degree of belief in H; before using any specific in-
formation about the observed anomalies and associated attributes. Therefore,
it is not sufficient to decide on the truth of H; purely from CF(H;). When
new knowledge, denoted by Al is gathered through relevant means such as
detailed site inspection or testing, our belief in each H; according to both the
prior information and Al has to be re-assessed. This can be done using the

procedure described below.
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Partial Confidence Factors

First of all, the general principle for confirming or rejecting an hypothesis used
in this thesis is that (1) an hypothesis H;, consisting of explanations e; - - e;yp,
is true if and only if there is sufficient evidence available to support the oc-
currence of e;, -+, €itx; and e;--- e, can completely explain the attributes
and other properties of the observed anomaly pattern; (2) H; is false if there is
evidence which can reject the existence of any explanation contained in H;; or

H; can not fully explain the observed anomalies and associated properties.

The above principle can be clearly demonstrated with the assistance of the
explanation tree shown in Fig. 2.6 on Page 60, in which, for simplicity, only two
possible explanations e, and e; are considered for the two observed anomalies
s1, 8z with associated attributes denoted by b1, by; and by;. The hypothesis
set is H = (Hy, Hz) = (e1, e1€2). Thus if the information available can confirm
the existence of a factor or event C; which surely causes the occurrence of e,
and if e; can completely explain s;, sz and byq, byy, bz, the hypothesis H; can
be considered true. On the contrary, if ¢; contradicts the existence of ey, or

any revealed attribute tends to reject e;, then Hj is false.

In the above example, apparently two types of information are used separately
in two different ways, i.e. (1) the information about C; is used to confirm the
existence of Cj, and this in turn confirms the occurrence of explanation e;;
(2) the information on anomalies Sy, S; and their attributes by;, by and bgy
is used to explore how well e; explains the observed anomalies. The total
information available AI can thus be divided into two parts: AI* and AI-.
ATI* represents the information on the explanation nodes and their parent-
nodes in the explanation tree, and AI- denotes the evidence regarding the
anomaly nodes and attribute nodes. For example, in the explanation tree
shown in Fig. 2.6, AI* will represent the knowledge relevant to e, e, and

their further causes such as ¢;, ¢, while A7~ denotes the information regarding
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81,82 and byy, bay, bao.

To assess the impact of the newly obtained information Al on the belief in a
hypothesis H;, two partial confidence factors CF(AI*, H;) and CF(AI~, H;)
are introduced. CF(AI*, H;) describes how likely explanations contained in
H; really exist according to the information AIt. CF(AIT, H;) is assumed
to be a real number between 0 and 100. Similarly, CF'(AI~, H;) is also real
number of [0,100], and reflects how well H; explains the evidence revealed by
AI-. These two partial confidence factors can be assessed with the assistance

of the numerical scaler shown below:

Reject ﬁega.ti'ue Support Irrelevant Positive Suppo‘:f Confirm

| ! 1 | | ! | [ ! I |
0 10 20 30 40 50 60 70 80 90 100

in which values of 0 and 100 indicate the rejection and confirmation of the
explanations in H; respectively. If the information available is irrelevant to H;,
the confidence factor is then 50. The values of CF(AIT, H;) and CF(AI-, H;)
increase in the range of (50,100) with the increasing of the strength of positive
support to H; by AIt and AI- respectively. On the contrary, CF(AI*, H;)
and CF(AI-, H;) decrease in the range of (0,50) with the increasing of the
strength of negative support from A7+ and A~ respectively.

Total Confidence Factor

The total strength between H; and AT = AI* + A~ is then represented by
a total confidence factor denoted by CF(AI, H;) which is defined as:

CF(AL H) = CFMAI*, H,) - CF*(AI™, H,) (2.19)

in which CF"(AI*, H;) and CF"(AI-, H;) are obtained by normalizing CF'(AT*, H;)
and CF(AI-, H;) over all elements in the hypothesis set H = (Hy, Hy,-- -, Hy)
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respectively.

Finally, the obtained total confidence factor CF(AI, H;) is also normalized
and denoted by P(AI, H;):

CF(AI H;)
S CF(AL H,)

=1

P(AL H;) = (2.20)

With prior subjective probabilities P'(H;) and the normalized total confidence
factor P(AI, H;) thus defined for each hypothesis H;, the ranking of H; € H
is represented by the product of these two values, i.e. P'(H;) x P(AI, H;). A
loosely defined total subjective probability of H; can then be evaluated by:

P'(H;) x P(AI H;)

P(H;) = (2.21)

P'(H;) x P(AIL H;)

-

-
I
—

The obtained P(H;) represents the degree of truth of H; based on both the
prior information and newly obtained information Al = AI* + AI~. In
this way, any element in the hypothesis set H = (Hy, H;,---,H,) can be
ranked by its subjective probability P(H;). In other words, the higher the
subjective probability of a hypothesis H; is, the more likely H; is going to be
true. The hypothesis H* which has the highest probability is called the most

likely hypothesis.

The procedure of obtaining these subjective probabilities is called tentative
diagnosis. Although the true hypothesis is yet to be figured out, the tenta-
tive diagnosis results in the “best explanation” for the observed anomalies at
this stage of the diagnostic process using the information currently available.
Further information may also be gathered, and the obtained ranking can be
updated using the same procedure. The procedure of this updating may be

called sequential diagnosis, and is discussed later in Section 2.4.7.
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2.4.6 The Bayesian Interpretation of Diagnostic Rea-

soning

The method of ranking hypotheses described in the last section is in fact a loose
application of Bayes’ theorem. For a hypothesis set H = (Hy, Hy, -+, H,), H
is exclusive and exhaustive. The normalized confidence factors P'(H;) and
P(AI H;) are analogous with the prior probability P'(H;) and conditional
probability P(AI | H;) respectively. At the beginning of diagnosis, if there
is no specific information available, the ranking of a hypothesis can be rep-
resented by P'(H;). After the new information A7 is obtained, the posterior
probability of H; can be evaluated by Bayesian theorem as:

(2.22)

> P'(H)- P(AI'| Hy)
1=1

As can be seen, if P(AI, H;) substitutes for the term P(AI | H;), the right
hand side of Eq. 2.22 equals to that of Eq. 2.21 in the last section. The
subjective probability P(H;) obtained in the last section is thus equivalent of

P(H; | AI) in Eq. 2.22.

2.4.7 Sequential Diagnosis

Using the method described in Section 2.4.5, the tentative diagnosis for a
given pattern of anomalies can be represented by a set of hypotheses H whose
members are ranked in terms of subjective probabilities, P(H;), for every H; €
H. However, this ranking is obtained using only the information available at
the time. When more knowledge is gathered, the subjective probabilities of
hypotheses can be updated. In this way, the whole process of diagnosis works
iteratively through sequential diagnosis. The updated P(H;) can be calculated
using the same method as in the tentative diagnosis, and is demonstrated here

by an example.
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Figure 2.7: An Example of Sequential Diagnosis

The explanation tree of the example is shown in Fig. 2.7, where s, and s
are two observed anomalies with their associated attributes denoted by b;;;
there are three possible explanations denoted by ey, ey, ¢3 which can cause
the occurrence of sy, s,. An explanation e; can also be attributed to fur-
ther causes such as c;,c;. At the beginning of diagnosis, the values of at-
tributes by, by3 are known, and the two causes c¢;, ¢y are not revealed until
some later stage of the diagnosis. The candidate set of hypotheses is obtained
as H, = (e, e1ez, e1€3, eze3, ejezez). From past experience and the judge-
ment of the engineer, ejezes is not considered likely to be true, and hence is
ignored temporarily. The hypothesis set is then H = (Hy, H,, H3, Hy, H®) =

(es, €162, €163, €€3, others) at this stage.

Relevant confidence factors and probabilities for the members in H in the
first cycle of the diagnostic reasoning are listed in Table 2.1. The prior confi-
dence factor C'F'(H;) for each hypothesis before further analysis is assessed as
6, 5, 5, 4, 2 respectively based on how often these hypotheses happen in prac-

tice. Since there is no evidence yet available regarding the causal factors C'y, Cy
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at this stage, i.e. AIt = ¢, where ¢ is an empty set, the value of CF(AI*, H;)
is assessed as 50 for all hypotheses. Suppose the known attributes 11, bo3
favour explanations e; and ey, and the confidence factors CF'(AI-, H;) are
estimated as 80, 65, 55, 55 and 45 for Hy, Hy, Hs, H; and H° respectively. The
subjective probabilities of H are finally evaluated and given in the last column

of Table 2.1. This is the first cycle of the iterative diagnostic process.

Table 2.1: Diagnostic Results in the First Cycle

Hypothesis | CF(H;) | CF(AI*, H;) | CF(AI-, H,) | P(AL L) | P(H;)
Hy=e, 6 50 80 0.267 | 0.346
Hy = eyes 5 50 65 0217 | 0.234
H3 = eyes 5 50 55 0.183 | 0.197
Hi = ezes 4 50 55 0.183 | 0.158
H° = others 2 50 45 0.150 | 0.065

Table 2.2: Diagnostic Results in the Second Cycle

Hypothesis | P'(H;) | CF(AI't, H;) | CF(AI-, H;) | P(AIH;) | P(H;)
Hi =ey 0.346 50 70 0.298 0.443
Hy = e1e9 0.234 50 70 0.298 0.300
Hs = eqe3 0.197 50 35 0.149 0.126
Hy=eses | 0.158 50 35 0.149 0.101
H® = others | 0.065 50 25 0.106 0.030

After the first cycle of reasoning, further information A7 reveals other unknown
attributes of 57,52, and results of updated reasoning using Al are given in
Table 2.2. Firstly, the subjective probability P(H;) obtained in the first cycle
is used here as the prior probability P'(H;). Other confidence factors are
then re-assessed according to AI. Suppose the revealed attributes favour the
explanation ey, but tend to negatively support the explanation es. The re-

assessed confidence factors of H3 = ejes and Hy = eyes are thus lower than
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50. The updated values of P(H;) are listed in the sixth column of Table 2.2.

This is the second cycle of the diagnostic process.

Further investigation confirms the existence of ¢; which slightly favour the
explanation e;, but is irrelevant to e; and e3. Based on this information,

relevant subjective probabilities are updated and listed in Table 2.3.

Table 2.3: Diagnostic Results in the Third Cycle

Hypothesis | P'(H;) | CF(AI*, H;) | CF(AI-, H;) | P(ALH;) | P(H;)
Hy = e 0.443 50 50 0.185 0.408
Hy=ere; | 0.300 60 50 0.222 0.332
Hy =ejes | 0.126 60 50 0.222 0.139
Hy=ege3 | 0.101 50 50 0.185 0.093
H® = others | 0.030 50 50 0.185 0.028

In the fourth round of diagnosis, the information available confirms the ex-

istence of ¢, which strongly supports e; but tends to negatively support e.
Therefore, newly assessed values for CF(AIT, H;) are 80, 20, 20, 50 and 20
respectively. The updated probabilities are listed in Table 2.4.

At this stage, it is obvious that the hypothesis H; = e, is much more likely

Table 2.4: Diagnostic Results in the Fourth Cycle

Hypothesis | P'(H;) | CF(AIY, H;) | CF(AI-, H;) | P(AL H;) | P(H;)

Hiy=e3 0.408 85 50 0.436 0.704
Hy =eey 0.332 20 50 0.102 0.134
Hs = eje3 0.139 20 50 0.102 0.056
Hy = eze3 0.093 50 50 0.256 0.094

H? = others | 0.028 20 50 0.102 0.011
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to be true than others using the information available. However, the engineer
still has the choice of conducting more tests or taking e; as the acceptable
explanation. Actually, the diagnostician has to make a similar decision at
each round of diagnosis before the true hypothesis is confirmed. Some issues

regarding this will be further discussed in the next section.

2.4.8 Stopping Rule and Test Selection

Based on our approach, the process of diagnostic reasoning can continue from
stage to stage until eventually a true hypothesis is identified. A practical
question is then when to stop gathering more information and to make a final
conclusion so that the iterative diagnostic procedure can terminate. Obviously,
if this decision is made too early, risks of making errors are high, because
diagnostic results are usually not very reliable in the early stages due to the
limited knowledge available. On the other hand, if the decision is made too
late, financial resources may be wasted since it is usually expensive to gather
ever more information. Therefore, any stopping rule has to consider both of

these two factors.

However, the risk of making errors in the diagnosis has to be evaluated with
regard to the impact of accepting a wrong hypothesis on selecting a course of
action for the structure and related consequences, because the diagnostic re-
sults are to be used in procedures of condition evaluation and decision-making
for remedy planning. Therefore, the rule for stopping further information-
gathering for the purpose of diagnosis has to consider the results of condition
evaluation and possible consequences of relevant actions taken. For these rea-
sons, such a rule simply can not be determined at this stage. Instead, it will
be developed and integrated into a comprehensive decision-making procedure

to be described in Chapter 4.
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On the other hand, the diagnostic procedure can be simply stopped in a special
case where the true hypothesis is found. Mathematically, this means that there
is a hypothesis whose probability reaches unity. From a more realistic and
practical point of view, if the probability of the most likely hypothesis H* is
high enough, the engineer would take H* as the acceptable set of explanations
for the observed anomalies. For this purpose, if there is an acceptable value of
probability PH . available, the diagnostic procedure can be stopped when the

acp

probability of H* is not less than PZ

acpt*

The use of PH

2ept 1O stop the diagnostic procedure means that the engineer will

accept the risk of 1 — PH

epts Tegardless of what would happen it H* is false.

Therefore, the value of PH  should be reasonably conservative. PX . can be

acp acpt
determined by the engineer for specific problems by taking into account of
factors such as the importance of the structure. The value around 0.90 may be
suggested here from the experience of using the method of diagnostic reasoning

described in this chapter.

Since the summation of probabilities of all members in the hypothesis set
H = (Hy, H,,- -, H,) has to be unity, the use of a fixed value of Pﬂpt usually

leads to the fact that it is very difficult for a H* € H to satisty the condition
of P(H*) > PH

wpts if 0 is large. This is reasonable and conservative. According

to our diagnostic reasoning, the number of valid hypotheses is closely related
to the amount of information available. Limited information would result i a
large number of hypotheses, and certainly is not sufficient to stop the sequential

diagnosis.

The criteria for terminating the iterative diagnostic procedure have been dis-
cussed. In short, if the probability of the highest ranked hypothesis H* reaches

the acceptable value P . H* can be considered true. Otherwise, a more so-

acpt)

phisticated criterion has to be used to decide whether it 1s necessary to continue

the diagnosis by gathering more data or not. Such a criterion is elaborated
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through a decision-making procedure to be described in Chapter 4.

If doing more tests is adopted, it is necessary to determine which test is to be
conducted next. In most of those existing diagnostic systems reviewed in the
early part of this chapter , test selection is usually determined by the incurred
cost and the probability changes of interested hypotheses before and after the
test. However, the purpose of testing here is to reduce the uncertainty and
hence to decrease the risk of making errors in the selection of the repair method.
Therefore, the most appropriate test has to be determined with regard to both
the financial cost and the consequence of taking a course of action. For this
reason, as for the stopping rule, the choice of a test is also to be addressed in

the decision-making procedure described in Chapter 4.

It can be seen from the above discussion that different procedures of diagnosis,
condition evaluation and decision-making involved in the process of treating
existing structures are highly inter-related, and the diagnosis is usually carried
out before the others. A final decision regarding what to do about the structure
has to be made based on the results obtained from all these procedures. The
inter-relationship among the involved procedures will be described further in

the overall process later in Chapter 5.

2.5 Summary of This Chapter

A method for diagnosing potentially defective concrete buildings has been
developed using the procedure of hypothesis-and-test. A set of hypotheses H =
(Hy, Hs,- -, Hy) is firstly created for a given pattern of observed anomalies
with the help of an ezplanation tree, and each hypothesis H; is then ranked
by its subjective probability assessed using the information available. The
approach allows for the use of the engineer’s personal experience as well as the

pertinent data on the given problem. The procedure works iteratively with the
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subjective probabilities in each cycle updated according to the new knowledge
obtained from relevant testing. The process becomes complete when a simple
stopping rule is satisfied, or alternatively when a terminal decision is made
regarding the remedy of the structure. The diagnostic results obtained in this
chapter will be part of the input to the procedure for condition evaluation

described in the next chapter.



Chapter 3

Condition Evaluation of

Existing Concrete Buildings

3.1 Introduction

Condition evaluation is the process of determining the structural adequacy
of an existing building or component for its intended use. Depending on the
relevant structural and functional requirements, this process usually includes
the assessment for safety, serviceability, durability, and other matters such as

appearance.

In the design of a new building, structural requirements are fulfilled by com-
plying with specifications in relevant codes. Since the real structure is never
exactly the same as its original design, the condition evaluation of an exist-
ing building has to be carried out for its present physical state, and design

codes are not necessarily sufficient for this purpose. Although some standards

72
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such as Guideline for Structural Condition Assessment of Eristing Buildings
(ASCE, 1991) have been published in response to the increasing need to deal
with existing defective concrete structures, rigorous assessment codes are stjll
unavailable and current practice in condition evaluation is very much based on
the individual’s experience and expertise. Occasionally, different interpreta-
tions of the assessment results can be obtained somewhat arbitrarily by differ-
ent engineers, and it makes the situation even worse when these inconsistent
interpretations are influenced by factors such as financial costs and political
pressure. It is the purpose of this chapter to develop a systematic approach for
evaluating existing concrete buildings using not only the engineer’s experience
but also avallable theories and sound methodologies. The results from such an
approa.ch are to be suitable for use in relevant de01s1on making techniques, and
the methods adopted ate to be as simple and realistic as possible, yet able to
make use of all sorts of information available, as well as the diagnostic result

obtained from Chapter 2.

For this purpose, procedures for assessing safety, serviceability and durabil-
ity of existing buildings will be described in separate sections with particu-
lar emphasis on the safety issue, simply because safety is likely to dominate
decision-making in regard to maintenance and repair. To study the problem of
structural safety, sound theories are available, and a vast amount of references
can be found in the literature. Therefore, before the procedures for condition
evaluation are proposed, a brief literature review will be carried out on the
theory of structural safety and its relevant application. On the other hand,
literature available on the serviceability and durability assessment of existing
structures, which is very limited, was already b?ieﬂy reviewed in Chapter 1,

and will not be discussed in this chz;pter.

For the analysis of structural safety, reliability theory has been one of the most
popular methods, and is accepted by more and more people in the engineering

profession. Fuzzy set approaches have also been introduced into engineering
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in recent years, and could be a potentially useful tool. The following literature

review therefore focuses on these two theories.

3.2 Structural Reliability Analysis

In the conventional design procedure, the requirement of structural safety is
achieved by assuring that the “maximum” load effect is less than the “mini-
mum” resistance: in this way, the structure is considered to be safe. However,
absolute limits on the “largest” load and the “weakest” strength do not ex-
ist because of the large uncertainties involved. It has been widely recognized
that random variations in structural resistance and load effects are important
sources of uncertainties and need to be treated in a rational way in designing
a structure. For this reason, structural reliability theory (ASCE, 1972; Thoft-
Christensen, 1982; Melchers, 1987) based on the concept of probability has
been well developed over the past few decades, and structural safety can now
be quantified in terms of probability. This theory not only allows checks to be
made of the safety of structures; it also provides a basis for rational probabilis-
tic design. In this section, the theory of structural reliability is firstly reviewed,
and the application of this method to the assessment of existing structures is

then discussed.

3.2.1 Classical Reliability Method

The classical method for structural reliability analysis is largely derived from
the work of Freudenthal (1956; 1966) and Borges (1971). For a structural
member or a system drawn from a defined population, the resistance R and
load effect S are considered to be random variables to account for the variations

in R and S. Failure occurs when S exceeds R, and the probability of failure,
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denoted by Py, is a very useful quantity for measuring structural safety. When
the probability distributions of R and S are available, Py can be defined and
evaluated through a limit state function G. For example, if G is defined as
G = R — S, the event G < 0 will represent failure, and the failure probability

can be evaluated as:
P;=P(G<0)=P(R<YS) (3.1)

where G = 0 represents the failure boundary. Related reliability is then defined
as R=1-P 1.

To evaluate the failure probability Py, probability density functions of resis-
tance R and load effect S are plotted in Fig. 3.1, and denoted by fr(r) and

fs(s) respectively. If the r axis represents the resistance r and the load effect

2 Sz
Is Jr

0 0 =
d=

Figure 3.1: Definition of the Failure Probability

s, then for a given value of = and infinitessimal limit length dz, the probability
of the event that the load effect S lies in the domain [z,z + dz], is approxi-
mately fs(z)dz, and the probability of another event that resistance R is less
than the applied load effect s = z, is Fr(z). If R and S are assumed statisti-
cally independent, the probability that these two events occur simultaneously
is Fr(z)fs(z)dz. The failure probability Py can be obtained by integrating

Fgr(z) fs(z)dz over the whole axis:

Pr= ’:’ Fa(s)fs(z)ds (3.2)
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In practice, however, the limit state function G can not always be expressed
in terms of only R and S. In fact, G is usually a function of a set of variables,
denoted by X = (X3,X3,--+,X,), where Xi,---, X, are fundamental and
functionally independent variables that may be used in the structural design
process, such as materieﬂ properties, dimensions and applied loads. These
variables are so-called basic variables. For a particular limit state with n
basic variables involved, the function G can be defined in such a way that

G(X1, X2, -+, Xn) < 0 represents the failure. The probability of failure is

where fx(z) is the joint probability distribution function of the basic variables
X = (X1, --,X5). To clearly understand Eq. 3.3, it is helpful to point out
that the random variables X form an n-dimensional space, and the failure
equation G(X) = 0 which defines a failure surface divides the whole space into
a “safe region” and a “failure region”. P; obtained by Eq. 3.3 thus represents

the weighted volume of the failure region.

Although classical reliability theory is clear in concept, the evaluation of Eq. 3.3
needs multiple integrations and a closed-form solution does not exist in most
cases. For this reason, numerical methods are usually used to evaluate the fail-
ure probability, and Monte-Carlo simulation is widely adopted for this purpose

in practice.

3.2.2 Monte-Carlo Simulation Technique

This technique was probably first used to study structural safety by Warner

and Kabaila (1968), and its main idea is as follows. If the failure criterion is
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defined by the limit state function G(X) as:

>0 safe
G(X){ =0 boundary

<0 failure

the failure probability Py = P(G < 0) can be evaluated by carrying out the

following steps:

1. Generating a set of values randomly for the basic variables (Xy,- -, X»)

according to appropriate probability density functions;
2. Evaluating function G(X) using the values of X obtained in step 1;

3. Repeating steps 1 and 2 many times until a sufficiently large sample

size is achieved;

4. Estimating the probability of failure P:

1 N
Py = = S IG(X1, Xz, -y X)) (3.4)

N ¢

where N is the number of cycles; I[G(X;, Xs, ..., X,,)] is a function
which takes 1 for G < 0 and 0 for G > 0.

The above procedure is called the conventional Monte-Carlo technique, and is
widely used in structural reliability analysis. For example, Allen (1970) used
the method to study the ultimate strength and ductility ratio of reinforced
concrete beams. Grant et al. (1978) conducted a comprehensive study of the
strength of concrete columns using the Monte-Carlo technique. Other similar
works are such as those by Ramsay et al. (1979) and by Monnier and Schmalz
(1981).

Although the conventional Monte-Carlo technique proves very useful in many
cases, the method is usually time consuming in order to evaluate a reliable P.
It is reported (Melchers, 1988) that the error involved in Py from the procedure

is proportional to N -%, where N is the number of samples. Most structures
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are designed with a very low failure probability, say less than 10~%, so that if
the error is controlled to be less than 10~5, at least 10'° repetitions are needed.
This is too time consuming even for a high speed computer, especially when
the structural analysis procedure is itself complicated and time consuming.
To overcome this difficulty, a more efficient algorithm can be adopted (Warner
and Kabaila; 1968), and a recently developed smart Monte-Carlo technique has
been suggested by Melchers (1988) in which the required number of repetitions

is greatly reduced, while the accuracy of Py remains.

Although the classical method of structural reliability discussed above is con-
ceptually important, the computations required for obtaining P; make the
method too complicated for practical purposes. Also, the joint probability
distribution function fx(z) in Eq. 3.3 is usually not available in practice. In
recognition of this difficulty, the so-called First Order Second Moment method
has been developed as a means of using probabilistic methods in dealing with
structural safety, while remaining simple in application. This approach is re-

viewed next.

3.2.3 First Order Second Moment Method

For the random resistance R and load effect S with means ug, s and standard
deviations og, os respectively, failure occurs when the function G = R— S is
less than zero. If we consider G itself as a random variable, its distribution can
be obtained via R and S as illustrated in Fig. 3.2. In the absence of information
on distributions of R and S, it is difficult to evaluate the probability of failure
P;. However, the quantity

KR-5 HR — UsS
= = 3.5
OR-S \/0.}22 + a'g, ( )

defined by only the mean and deviation of G = R — S is a very useful measure

of the degree of safety or reliability of a structure, and is called the safety
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fR—S
)

Failure

0 l’l’l-l TS

Figure 3.2: Definition of Safety Index

index or reliability index (Cornell, 1969; Ravindra, et al. 1969). Referring
to Fig. 3.2, §is the number of standard deviations of (R— S) between its mean
and zero. If the mean pp_s is fixed, the value of 3 is inversely proportional
to og_s, i.e. the smaller the uncertainty is, the safer the structure is. The
safety level of a structure is thus very much related to the dispersions of R
and S. If the full distributions of R and S are known, for any given value of
B, the failure probability P; can be calculated. Because only first and second
moments of random variables involved are used in estimating 3, this approach

is referred to as the second moment method.

The above procedure treats an idealized case where the statistical properties
of R and S are known, and the failure function is linear. In more general cases,
G may be a complicated non-linear function of a set of randomly varying basic
variables, i.e. G = G(X;, X3, ..., Xy), and it is then impossible to use Eq. 3.5
to evaluate 3. Therefore, in order to estimate the mean and variance of G,
an approximate linearization procedure can be used to expand the function G

in a Taylor series at the mean values of Xj, X,,..., X, and ignoring the higher
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order terms:

= G (zi — px,)

G = G(px,, Xy, - ,#xn)+zaxT (3.6)
/‘G"VG(I‘X”/“XU 7/“Xn) (37)
"< 0G aG
ot~ 3328 2 con(, X, 59
=1 j=1

where 1 and o are relevant mean and standard deviation respectively; Cov(X;, X;)
is the covariance of X; and X;. If the basic variables are assumed to be sta-
tistically independent, Eq. 3.8 becomes
n
b~ D5k (39)
With the mean and deviation of G approximately estimated in this way, the
reliability index B is calculated by:

p=Es (3.10)
oG

Since the approximation used in Eq. 3.6 only considers the first order terms in
the expanded Taylor series, the procedure to evaluate 8 thus discussed is then
called first order second moment (FOSM) method. Although the approximate
linearization simplified the evaluation of 8, errors are unfortunately induced
by ignoring the second-order and higher terms in the Taylor expansion. On the
other hand, the safety index so obtained is not invariant for different definitions
of the function G of the same problem. For example, consider the following

failure function:
G=AXfsy—P (3.11)
which applies to a simple steel member in axial tension. The variables are

independent and we take the following given data:

P =100 (constant)
HA = 50 o4=38
Hfyy = 10 Ofy = 2
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the mean and deviation of G can then be obtained using Eq. 3.7 and Eq. 3.9
as:
e = 50 x 10 — 100 = 400

oG
a IA=#Ay fay=ﬂj,u = lu'fay

oG
m |A=I‘Av f.ly=l-‘],y= Ha = 50

=10

0% = 10% x 8% + 50% x 22 = 16400
5 400
/16400

However, the failure function can also be rewritten as G = foy — &, and the

=3.12

safety index 8’ based on this definition is calculated as:

0G P 100
_— I = = — = — = {J. 4
A 14=ma fov=ur, 4z = 2500 = 00
G
m |A=I‘Avfsy=l‘j,y= 1
100
HG = 10 — E =8
02=0.04>x8+12x22=41
g = = 3.95

vZ5i

Obviously there is a considerable difference between B and B for the same
problem. This is a serious drawback of the method. To solve this problem,
a significant contribution was made by Hasofer and Lind (1974) to achieve
invariance in § while maintaining the advantage of the method. The improved
method is also referred to as the ad;)anced FOSM method, and is discussed in

the following section.

3.2.4 Advanced First Order Second Moment Method

In the previous discussion, basic variables were assumed to be statistically inde-

pendent. For more general cases where the X; terms are statistically correlated,
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an orthogonal transformation (Hasofer and Lind, 1974) can be carried out so
that the variables X are replaced by a new set of variables, Y = (¥3,--+,Y,),
which are uncorrelated. In addition, the new basic variables are further trans-
formed so that they are comparable in the same coordinate system, i.e.

Z; = Y—Zy"i (3.12)
where py, and oy, are the mean and standard deviation of ¥; respectively.
As mentioned previously, for a limit state function G(Xj, - -, X,), the failure
surface, defined by G = 0, will divide the n-dimensional space of basic variables
into a safe region and a failure region. Thus under these transformations,
Hasofer and Lind (1974) showed that the shortest distance from the origin
to the failure surface in the transformed coordinate system of Z;,---,Z, is
equivalent to the reliability index B defined in the FOSM method, i.e. 8 =
min(i Z,?)'lf, if the function G is linear. If the failure boundary is non-linear,
a limi,:;ization similar to the Taylor expansion used in the FOSM method can
be made. The two dimensional case is illustrated in Fig. 3.3, where (27, 23)
is the so-called design point or checking point (Paloheimo and Hannus, 1974),
which is located at the point where the failure is most likely to occur, and
G(z3,25) = 0.

i Failure surface
N

Design point
Failure region
* *
Safe region (z1.2%)

Figure 3.3: Definition of Hasofer-Lind’s Safety Index

It should be noted that the Taylor expansion of G(X) is made here at the
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design point (z},---,z%). The error due to this approximatioh is very small
in comparison with that in the i‘“OSM metk‘lod in which the same expansién is
made at the mean point (Z,---,%,). The design point can be found through
an iterative procedure:

T} = px, — aifloy, (3.13)
where ¢; is the so-called sensitivity factor for X; and can be evaluated by:

o = —Cile)ox, (3.14)

[;(G}(z‘)ox,-)zl%

in which G;(z*) = evaluated at the design point z* = (3, -, z%).

*¥n

The safety index 8 thus obtained from the advanced FOSM method will have
an exact relation to the probability of failure Py, if the failure function G(X)

is linear and the basic variables are normally distributed, i.e.
Py = 0(—p) (3.15)

where @ is the normal cumulative distribution function. However, in more
general cases, some of the basic variables are non-normal. It seems that mod-
ifications are needed so that the calculated 8 can be related to Ps, at least
approximately. For this purpose, a further improved FOSM method, called
the approzimate full distribution approach can be used, in which the full distri-
butions of each basic variable (if available) can be used in evaluating 3 using
the advanced first order second moment method. For example, a non-normal
random variable X; with density and cumulative distribution functions fx, and
Fx, respectively can be approximately transformed into a normally distributed
variable by letting the values of fx;, and F¥, equal the values of ¢ and ® at
the design point, i.e.:

F,(z}) = o(Z ) (3.16)

fx.(w)—— (X ’”") (3.17)
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where ® and ¢ are the cumulative and density functions of a unit normal
distribution respectively; z} is the ordinate of the design point; x; and oy,
are the mean and standard deviation of the new normal variable, and are to

be evaluated. From Eq. 3.16 and Eq. 3.17, we can get:

_ p{@ 7 [Fx,(=z3)]}
ox; = Txi(z?) (3.18)
px; =z} — O Fx,(z])]ox, (3.19)

After ux, and oy, are obtained, the same procedure as in the advanced FOSM

method can be used to calculate 8 value.

3.2.5 Brief Summary of Structural Reliability Theory

By treating parameters in structural design as random variables, the concept
of structural safety is changed from the traditional “absolute” approach to the
modern statistical approach whereby uncertainties encountered are considered
in a rational way. With the approximate FOSM method available, structural
reliability now serves not only as the theoretical foundation for safety analysis,

but also as a tool for probablllstlc design (Ang, et al. 1974; Ravindra, et al.

1974) and rehablllty-ba.sed code 1mplementat10n (CIRIA, 1977; Ellingwood, et
al. 1980; Leicester, et al. 1986).

As a useful tool to study structural safety, reliability theory has also been
applied to evaluate existing structures. This will be reviewed in the next

section.
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3.3 Reliability Analysis Relevant to the Eval-

uation of Existing Structures

One of the differences between an existing structure and a future structure
is the different amount of information available at design and re-design (as-
sessment). This has been summarized by Tichy (1986), and is re-stated in
Table 3.1.

Table 3.1: Differences Between Existing and Future Structures

Object of Existing structures Future structures
information
Location Known exactly Often unknown, well
known in many cases
Age and Age known with some uncertainty, | Lifetime is always
lifetime residual lifetime is estimated estimated
Environment Known Unknown
Types and intensities are Estimated with
Loads usually well known, with some ) | uncertainties, except
uncertainties " | for particular cases
Material properties | Known with some uncertainties Estimated with uncertainties
Subsoil Known with uncertainties Estimated with uncertainties
Use and purpose Known ' Estimated

As can be seen from the table, there are potentially many more data available
for an existing structure than for a future structure. New information on a
specific existing structure can usually be gathered from experiments during the
assessment process. For this reason, many approaches in the literature have
employed Bayes’ theorem to revise the reliability of existing structures using

the additional data.
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3.3.1 Safety Revision Using Bayesian Updating

For a future structure, the intended nominal safety of the original design can be
evaluated using any standard method of reliability analysis. For this purpose,
properties of relevant basic variables and limit state function are usually esti-
mated using both subjective judgement and test data available on the whole
population of a specific kind of structure. The re-evaluation of the reliability
of an existing structure at the time of assessment can be made by updating
the probability distributions of those basic random variables in the limit state
function G(X;,- -+, X,), and/or by improving the function G itself, consider-
ing the real physical state of the structure using new information acquired in

the process of investigation.

The updating of the distributions of X can be made in two ways (CIRIA, 1977;
Bosshard, 1979). For a random variable X;, its true mean y x, and standard
deviation oy, are usually unknown. However, if testing is conducted on a

sample, the sample mean and standard deviation can be evaluated by:

T = % z_: Ti; (3.20)
1=1
| [ _
sk, = — > (zi; — 7)* (3.21)

1=1
where n is the sample size. If n is sufficiently large, a convenient way is then

to let

px; =%; and ox, = Sx; (322)

However, this is usually not the case, and the sample size may be very limited,
especially for existing structures, where any test is supposed not to damage

the structure itself.

Another way to update the distribution of X; is by means of Bayes’ theorem.
In this method, it is assumed that the mean and deviation of X; can never be

known exactly, and px,, ox, themselves are random variables. When more and
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more data are available, the distributions of ux, and ox, will closely approach
their true values. Generally, assuming that 0 is a parameter in the distribution
function of the basic variable Xj;, such as uy,, the distribution of 8 after the
test can be updated by:

f'(6) = KL(6)f (6) (3.23)
where f'(6) and f"(0) are the prior and posterior distributions of § respectively;
L(8) is the so-called likelihood function, i.e. the probability of obtaining the

specific data observed for a given value of §, namely P(data | 8); k is a constant.

The predictor distribution of X; is obtained by:

oo "
fxo= [ fx(zi] 0)f"(6)ds (3.24)

After the distributions of basic variables are thus updated, safety revision of
an existing structure can be e&silj;\\carried out by calculating the reliability
index f# using the First Order Second Moment method (Diamantidis, 1987).
For this purpose, it is well known that for a limit state function G(X), there is
a design point X* = (z3},---,z5) at which failure is most likely to occur. The

design value z} for each random variable X; with distribution function Fy, can

be defined by the following equation:
5} = F5l[0(~aif)] (3.25)

where @ is the standard normal distribution function, and «; is a so-called
sensitivity or importance factor. If the distribution of the basic variable X; is
updated from Fx,(z;) to Fx (z:), a new design value z;* can be defined such
that:

Fy,(27) = Fx.(x7) (3.26)

The reliability change, denoted by Af;, due to the change of statistical prop-

erties of X; can be evaluated by:

AB; = ai[®7 (Fy,(x;)) — @' (F,(=]))], (3.27)
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which represents the increase or decrease in safety compared to the original

reliability index 8, provided that the importance factor a; remains the same.

With the above procedure available for evaluating the relative change in the
reliability index B of a strucrture, Diamantidis (1987) suggested a number of

steps to be adopted in the assessment of existing structures:

(1) quantification of the additional information based on the inspection results;
(2) identification of the major risk items;
(3) definition of risk scenarios;
(4) formulation of limit states;
(5) assessment of the relative change in reliability compared to the
originally accepted safety goals;

(6) evaluation of the cost-effectiveness of possible courses of action;

In addition to the revision of statistical properties of basic variables, in some
cases, the reliability of an existing structure can also be updated by the use
of the recorded structural performance using Bayes’ theorem. For this pur-
pose, the parameter § discussed in Eq. 3.23 can be generalized to denote a
parameter in any mechanistic model, and its statistical properties can be up-
dated from observations of the model. For example, Tang (1981) used this
approach to refine the analysis of the settlement of a gravity platform from
the recorded platform performances. The equation for predicting the amount
of settlement was expressed by p(t,0), in which ¢ represents time, and @ is
a random variable. According to the in-situ measured settlement in the his-
tory, the posterior distribution of 8, denoted by f"(#), can be obtained from
Eq. 3.23. If the maximum permissible settlement is d, the updated probability

of satisfying the settlement requirement is then given by:

P'o<d)=[ +: P(p < d | 6)f"(6)d8 (3.28)
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Updating the reliability of existing structures using additional data on the
structural behaviour can also be achieved in a slightly different way. For ex-
ample, when a structure has resisted an external load @, Andersen (1989)
used the following equation to update the failure probability of the structure

through Bayes’ theorem:

(L>RNR>Q)
P(R> Q)

where P is the probability of failure; L and R are the load effect and resistance

P,=P(L>R|R>Q)="% (3.29)

of the structure respectively; () is the external load resisted by the structure

in the history.

Some concepts of reliability-based evaluation of existing structures are explic-
itly illustrated by Schneider (1992) using an example. An assessment proce-
dure is also proposed based on the assumption that a correct application of the
respective codes or standards results in a safe structure. Thus if an existing
structure is correctly designed according to relevant standards, its reliability
index achieved in the design, B9, can be easily evaluated using the FOSM
method. The safety index related to the actual condition of the structure, 3,
is secondly estimated using the current information available. If 3 is not less

than f,, the structure is assessed to be safe.

It should be noted that in all methods discussed above, the updated failure
probability Py is not an inherent characteristic attached to the structure itself.
The quantity Py simply represents the expert’s degree of belief in the safety
condition of the structure, and hence depends upon the state of knowledge
available to the expert. To clearly understand the safety index (3, various

uncertainties involved have to be clarified.

Following Kiureghian (1989), the sources of uncertainty involved in engineering
structures can be classified broadly into four kinds: (1) inherent variability;
(2) estimation error; (3) model imperfection; and (4) human error. Inherent

variability reflects the random nature of the characteristics of the structure
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and the loading environment such as material properties, load effects. Estima-
tion error arises from the incompleteness of statistical data and our inability
to accurately estimate the parameters of probability models that describe the
inherent variability. Model imperfection exists in both mathematical models,
such as the model for structural analysis, and probability models such as the
chosen probability distribution functions for random variables. Finally, human
error arises from mistakes made by various people during design, construction
and operation of the structure. It is interesting to note that there are differ-
ences among these uncertainties. Inherent variability does not change with the
amount of information available, while the second and third uncertainties can
be reduced if more relevant data are obtained. Uncertainties due to human

error are influenced by quality control measures.

When complete information is available and uncertainties arise only from the
inherent variability, a strict measure of structural safety can be represented by

the probability of failure Py or the reliability index # with the relation:
B =&l - P) (3.30)

where ® is the standard normal distribution function; and § can be estimated
using any standard reliability method. In this case, P; and § are intrinsic
statistical properties of a structure and its environment, and only vary if the

structure and/or its environment are altered.

However, the exact value of the strict safety measure usually can not be eval-
uated in practice, since uncertainties other than inherent variabilities always
present. We can only reduce these uncertainties by acquiring more data, and
it is difficult to completely eliminate them. Assuming an imperfect state of
knowledge, Kiureghian (1989) proposed an approach using Bayes’ theorem to
evaluate the possible values of the strict B. For this purpose, let the vector of
random variables X describe the irreducible uncertainties such as inherent vari-

ability, and © represent the reducible uncertainties such as those arising from
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estimation errors. Specifically, ® includes the set of parameters that define the
probability models of X and that of the limit state function G(X). The prob-
ability distribution of X is expressed as a conditional distribution, fxje(x,9),
and the limit state function as G(X, ®). When perfect information, i.e. com-
plete statistical data and perfect models, are available, @ is deterministically
known. Otherwise, the degree of incompleteness of the available knowledge
is characterized by the distribution of ®, denoted by f@(6). The predictor
distribution of X, combining the inherent variability of X and the uncertainty
in © is given by:

7x(%) = [ fxio(x,0)o(6)ds (3.31)

where fg(6) can be updated by the Bayesian rule if new information on © is

obtained.

For a given ® = 0, the conditional failure probability can be evaluated as:

Pre(0) = /G(x' S fxie(x, 0)dx (3.32)

and the conditional reliability index is obtained by Bje(6) = ®~'[1 — Pye(f).
For uncertain @, the reliability index fjo(®) is also uncertain, and its distri-

bution reflects the level of our knowledge available. If perfect data is gathered,

Bie(©) then coincides with the strict reliability index 3.

One important advantage of this approach is that uncertainties from various
sources are considered separately so that the level of knowledge available can
be quantified through the distribution of 3. Although this is a good idea, due

to limited data available, the application of this approach is usually restricted.

In addition to Bayesian safety updating, there are also other reliability-based
approaches available for existing structures which are discussed in the following

section.
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3.3.2 Other Approaches for the Revision of Structural
Reliability

Motivated by recent advances in structural code development using probabilis-
tic limit state design or load and resistance factor design, Shin et al. (1988)
looked to the establishment of practical reliability-based bridge rating methods
or rating codes. A rating criterion in the form of a Load and Resistance Factor
Rating (LRFR) code is proposed which can take into consideration any data
obtained on actual bridge conditions such as the “measured-to-calculated” load

effects and other test results. In the approach, failure is defined as:
R—-Sp—-S<0 (3.33)

where R is a random variable representing the resistance; Sp and Sp are dead
and live load effects respectively, which are both random quantities. These
variables can be further modelled so that various uncertainties can be treated

rationally. For example, R is represented by:

R = R,MFPD (3.34)

where R, =nominal resistance of real section considering deterioration, damage etc. ;
M =random variable representing uncertainties about materials;
F =random variable representing fabrication or construction uncertainties;
P =random variable representing model uncertainties;
D =random variable representing uncertainties involved in the

assessment of damages and/or deteriorations.

The mean value of R can be expressed as: R = R,MFPD = R,nr where ng
is the mean-nominal ratio of resistance. From the data available in the litera-
ture and experience-based judgements on those uncertainties involved in R, Sp

and Sr, the mean-nominal ratio and variance of resistance, dead and live load
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effects can be evaluated. Also, from the field inspection and relevant measure-
ments, the nominal resistance in consideration of factors such as damage, and
nominal load effects in consideration of measured-to-calculated responses are
obtained by appropriate analysis. The reliability index 5 can then be evaluated
using these data and the First Order Second Moment method. If the obtained
B is larger than the target value, say B, = 3.0, the bridge is classified as being
safe. Otherwise, appropriate actions have to be undertaken for maintenance

or repair regarding structural safety.

Hart et al. (1981) also used the reliability-based method to evaluate the ex-
pected damage to existing structures resulting from the future occurrence of
natural hazards such as earthquakes. The reliability index or failure probabil-
ity of the structure concerned is firstly evaluated from data available. A set
of damage states such as moderate, severe damage, partial collapse are defined
according to the cost of repairing the damage. These states are further related
to different values of the reliability index for one component, one failure mode,
or alternatively the average of a system of components. Therefore, the damage
state of a particular structure can be obtained from the calculated reliability
index of the structure. However, the relation between the damage states and
reliability values are obtained arbitrarily from experience and subjective judge-
ments, and there is no reasonable procedure available to establish this linkage

consistently.

If a proof load test has been conducted on an existing structure, the reliability
of the tested structure can also be updated using the test results. Early work

on this topic was carried out by Shinozuka (1969).

A proof load test is a test in which some pre-determined load is applied. The
strength of a structure which successfully passes the proof load test is clearly
higher than the test load. If the structure is chosen from a population with

strength distribution fgr(r), it is possible to obtain the strength distribution of
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the tested structure, f§(r), by truncating fr(r) at the proof load Q:

- _ fR(r) i
fR(r) - 1— FR(Q),

fr(r) =0; r<Q (3.36)

r>Q (3.35)

where Fg(r) is the cumulative distribution of the strength R. This is schemat-

ically illustrated in Fig 3.4. The improved estimate of strength distribution

‘fR

R (r)
fR("’)

1 -

0 Q

Figure 3.4: Strength Distributions before and after Proof Load Test

can be used to revise the reliability of the existing structure.

The truncation of the lower tail region of the strength distribution increases
the mean and reduces the variance of R. This will increase the second moment
reliability index . The effects of proof load testing on the reliability level are
not only due to the changes in gr and og, but also the truncation of fg.
However, the 8 value obtained from the FOSM method can not well reflect
the truncation effect. For this reason, Fujino and Lind (1977) defined a proof
load test safety index B* in which the effect of truncation can be deliberately
taken into account. To evaluate §*, the transformation of r to a new variable

r* is firstly made by:

r* = q,-l[‘l’g_r)_;?T()Q)], Q<r< oo, (3.37)

where ® is the normal distribution function; and @ is the applied load. §* is
secondly calculated using the standard reliability analysis and the limit state

function of variables r*.
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These approaches for updating structural reliability based on proof load test-
ing, however, have used only the information of survival or failure of the struc-
ture under testing. Veneziano et al. (1978) further improved the reliability-
based analysis of proof load testing by using additional data such as the
moment-curvature relation recorded during the test. In the approach, the pos-
terior strength distribution fx(r) after proof load testing is obtained through

the Bayes’ theorem:
fr(r) « fR()I(r] Q,C) (3.38)

where fr(r) is the prior strength distribution, and @ is the largest value of
applied load; C denotes the moment-curvature relation; I(r | Q, C) represents
the likelihood of the strength r, given @ and C. The failure probability of the

structure is evaluated as:
P = /Q Fia(s)dFs(s) (3.39)
in which Fs(s) is the distribution function of load effect S.

However, practical difficulties of using this method arise from the construction
of the likelihood function, because the value of Q) is usually considerably smaller
than the value of strength in practice. In a given example, the author tried
to obtain the ultimate strength from an idealized parabolic moment-curvature

curve. The accuracy of the procedure was discussed, and is questionable.

It is important to realized that prior service load in the service history of the
structure can also be considered as a proof load, so that the reliability of an
existing structure may be revised without the expense of conducting a load
test. For an existing structure without severe wearout, Hall (1988) suggested
that the service load can be treated as proof load with uncertainty. In this
case, the proof load S is a random variable with distribution function Fs(s).

The posterior strength distribution fr(r) in Eq. 3.35 changes to:

Y Fs(r) )
" = Frmanma (3.40)
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The improvement in the reliability thus assessed depends on service load data
collected. If the proof load has a high variance, then little improvement can be
achieved in updating the strength distribution and hence the safety evaluation.
Also, this approach can only be used when it is judged that the structural
condition is not seriously deteriorated. Otherwise, the approach may lead to

an unconservative result.

Reliability analysis relevant to the safety evaluation of existing concrete struc-
tures has been briefly discussed above. This review will be summarized in the

next section.

3.3.3 Brief Summary on Reliability Updating

Generally, reliability analysis for future structures has to consider all possible
sources of uncertainty. For an existing structure, more specific details can be
obtained in the assessment procedure, and hence part of the uncertainty can
be eliminated. However, there is no fundamental difference between reliability-

based methods for analysis of future structures and existing structures.

Most of the existing approaches for reliability evaluation of existing structures
are carried out by either updating the probability distributions of relevant
basic variables or updating the model which describes the limit state function.
The updating of basic variables usually uses the sample data available. Since
sample testing is in many cases restricted to concrete and has only limited
size due to practical difficulties in investigating existing structures, reliability

revision using only sample data on basic variables seems not very efficient.

As Yao (1980) pointed out: following the completion of the construction pro-
cess, each structure has its own characteristics, which can no longer be de-
scribed with the same initial mathematical models used in the design phase,

the uncertainty involved in the structural analysis itself, or model error, will
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play an important role in the reliability re-evaluation. However, appropriate
methods for this purpose seem yet to be developed. Although proof load test-
ing is a good way to justify structural resistance, its effectiveness is usually
restricted due to the limited load @ applied. If @ is too large, the risk of

structural failure under testing has to be considered.

In addition to reliability-based assessment, fuzzy set theory is another mean-
ingful tool in dealing with uncertainties, and has proved useful in structural

safety evaluation. Approaches of this kind will be discussed next.

3.4 Structural Safety Evaluation Using Fuzzy
Sets

The concept of fuzzy sets was already discussed on page 42. More details on
this theory can be found elsewhere (Zadeh, 1965; 1973; 1975a; 1975b; Zim-
mermann, 1985). The use of fuzzy sets in structural safety evaluation was
triggered by the work of Pugsley (1973). He suggested that one way to study
the proneness to accidents of a given structure, or a class of structures, is to
look at a number of parameters that have been highlighted as relevant by ex-
perience in previous accidents. For this purpose, a set of parameters such as
ezperience of design and construction team, industrial climate, financial cli-
mate are distilled from structural failures experienced in the past. A group of
experienced engineers could then assess the accident proneness of a given struc-
ture in broad terms by grading these parameters. However, specific mistakes
made in design or construction can not be identified by using the procedure.
Instead, the method is only able to draw attention to some overall features of
the structural design-construction process, and hence to reduce the possibility

of structural failure.
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It is obvious that those parameters selected by Pugsley (1973) can be assessed
only subjectively. To have a consistent way of assessing and manipulating
these parameters in evaluating structural safety, Blockley (1975) treated those
parameters as linguistic variables using the concept of fuzzy sets. A linguistic
variable is a variable whose values are words, phrases or sentences in a lan-
guage. Each parameter ¢ is thus quantified by its size F; and importance or
weight W;, where both P; and W; have values like “small”, “large”, and are
defined as fuzzy subsets of the interval [0, 1]. For m parameters, the total effect

Pr is evaluated through appropriate fuzzy operations as:

(PLOW3) U (PN W) -+ (Pu O W) (3.41)
Pr = i(P, N "V.) (3.42)

i=1

where N and U stand for the intersection and union respectively in the fuzzy
calculation. The effect of Pr on the safety assessment is in turn considered
through a fuzzification procedure. For this purpose, the engineer’s a prior:
judgement of the probability of failure about the given structure is expressed
in the form of 10~", in which n is an integer. A fuzzy kernel K(n) is defined
as a fuzzy subset of the interval [0,1]. To obtain K(n), a fuzzy relation R is
defined as:

R = if Pris smallthen K(n) is small else
+f Pris medium then K(n) is medium else

if Prislarge then K(n) is large.

Using the fuzzy relation, the kernel K(n) can be evaluated from the fuzzy
composition Pr o R. The final result of the safety assessment is obtained by

fuzzifying the a priori failure probability 10" by the kernel K(n).

The fuzzification of failure probability was further generalized by Brown (1979).

In his approach, factors affecting structural safety are divided into two parts:
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the objective and subjective factors. It is considered that the failure proba-
bility P; in the form of 10" obtained from structural reliability theory using
objective information is incomplete because the subjective part has not been
considered. With the presence of additional subjective information, the belief
in n of 10~™ wavers, and the attractions of n — 1 and n — 2 increase. For this
reason, the combination of both objective and subjective knowledge will result
in a range of beliefs in the set n, n—1, n—2, ---, n—d, where d is an integer
and d < n. Considering the failure set F' = {n,n —1,.--,n — d}, the support

for the membership of n,n — 1,---,n —d can be represented by:
F=poln +mlm—1) + - ul(n—d (3.43)

where p; is the membership function and p; € [0,1]. F can be obtained
by a fuzzification procedure similar to that used by Blockley (1975). Under
this definition, it is clear the failure probability 10" obtained from ordinary
reliability analysis using only objective information has the support of 1 for n,

and no supports for others,i.e. F,=1|n + 0|(n—1) + ---, + 0| (n —d).

Similar approaches using fuzzy sets in structural engineering are also illustrated

by Yao (1980) in several examples.

The safety measure obtained by previous approaches is a fuzzy quantity, and
hence there are difficulties in interpreting the result and comparing it with
the failure probability P;. With the concept of fuzzy probability, Shiraishi
and Furuta (1983) define failure as a fuzzy event so that the resulting safety
measure is still in terms of probability or reliability index as that in reliability
analysis, but is fuzzified according to the subjective information available. In
reliability analysis, the failure probability Py is defined as the probability of
the event A that the structural resistance R is smaller than the load effect S,
ie.

P; = P(A) = /A dP (3.44)

where A is expressed by the safety margin Z, eg. Z = R— S < 0. This
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means a clear-cut definition of failure at Z = 0. Considering the existence of
subjective uncertainties, it is preferable to define the failure event in a more
flexible form. A fuzzy set A is then used to represent the failure event with the
function  4(z) indicating the degree of membership of z in A. The fuzzified

failure probability Py can be evaluated as:

400
Pr= [ ua(2)f()dz (3.45)

where f(z) is the probability density function of function Z = R — §. It can
be seen that the failure probability defined in ordinary reliability analysis, i.e.
Eq. 3.44, can be rewritten according to Eq. 3.45 as:

P = / Ca(z)dP (3.46)
in which C4(z) is defined by:

{ Ca(z) =0 z¢ A aa)

CA(IIZ):l T€A

Clearly, Eq. 3.44 is a special case of Eq. 3.45.

To evaluate the probability of failure defined by a fuzzy event, the membership
function g z(z) in Eq. 3.45 can be obtained in the same way as proposed by
Blockley (1975). For this purpose, a number of subjective uncertain factors
regarding the failure event are modelled as linguistic variables. The total effect
Pr of these factors is a fuzzy set. If the fuzziness involved in the definition of
failure is K, a fuzzy relation can be defined as: R =if Py is large, then K is
large, else if Pr is medium, then K is medium, else if Pr is small, then K is

small. pz(z) finally can be obtained by the fuzzy composition of Ro Pr.

The fuzzification concept can also be used to fuzzify the distributions of resis-
tance R and load effect S, i.e.: fr(r) — fa(r), fs(s) = fs(s). The fuzzified

failure probability is calculated in the same way as in reliability analysis, i.e.

Py = / /A fr(r)fs(s)drds (3.48)
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Ttoh and Itagaki (1989) also used the concept of fuzziness in Bayesian updating
to study the fatigue crack problem using inspection data. If fuzzy set Ais
defined on the universe of X with membership function p ;(z), the conditional

probability of a fuzzy event can be defined as:
P(A|6) = X uz(@)P(z | ) (3.49)
X

where P(z | 0) is the conditional probability of = given 6. The posterior

probability of 8 given the observation of the fuzzy event is then:

P01 4) o 3 ale)P(e | 0)PO) (3.50)
where P(#) is the prior distribution of 6.

Fuzzy sets are also used to rate the condition of existing bridges by Tee et
al. (1988). In the proposed approach, the #** subcomponents of an existing
bridge is inspected and rated by two factors R; and W,. R; represents the
physical condition of the subcomponent, and is obtained by the engineer’s
judgement. W; is called the importance factor which relates the component’s
condition to overall safety of the structure. Both R; and W; are modelled as
linguistic variables and described by fuzzy sets, and are evaluated subjectively

and imprecisely by the inspector. The weighted average R defined by:
(3.51)

is used to represent the overall condition of a component or a bridge. The
evaluation of Eq. 3.51 requires operations of fuzzy addition, fuzzy multiplica-
tion and fuzzy division, and can be carried out using the ertension principle

in fuzzy set theory (Zadeh, 1965; Zimmermann, 1985).
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3.5 Summary on Fuzzy-Based Safety Evalu-

ation

Existing approaches for structural safety evaluation using fuzzy relation and
fuzzy composition provide an alternative way to include experience-based sub-
jective information in the assessment procedure. With the help of fuzzy kernel
K, the objective safety measure A can be fuzzified by taking into account sub-
jective data (Blockley, 1975; Brown, 1979). Under the concept of fuzzy prob- -
ability (Shiraishi and Furuta, 1983), probability distributions of both state
variables such as resistance and basic variables such as concrete strength can
also be fuzzified, and the final safety measure using both objective and sub-
jective information can be evaluated by the same procedure as in structural

reliability analysis.

However, the major problem involved in these methods is the estimation of
the fuzzy kernel K which is defined arbitrarily in those approaches reviewed.
As a result, the safety measure thus obtained is somewhat arbitrary. For this
reason, further development of this method seems needed before it can be

widely accepted in engineering profession.

3.6 Summary and Conclusions on This Re-

view

As can be seen from the above review, structural reliability theory and fuzzy
safety analysis are two major approaches for structural safety evaluation of
existing structures which are treated in the literature. The reliability method
has been relatively well developed, and is becoming accepted by more and

more engineers. Its application to engineering practice has led to important
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structural code implementation worldwide. However, fuzzy-based safety as-
sessment needs further research before it can be widely applied in practice.
For this reason, the reliability method will be used in the development of
a rational procedure for the safety evaluation of existing defective concrete

buildings.

The reliability method proves to be very useful in dealing with statistical vari-
ations. It is not surprising to see that most of those existing methods mainly
employ the updating of probability distributions of basic variables using test
data in assessing the existing structures. However, uncertainties arise not only
from random variations but also other sources such as unknown faults which
have occurred in the construction. Uncertainties of the second kind are in fact
particularly important in the evaluation of defective structures. A structure
is designed to behave properly within its planned service life under specified
conditions. If it manifests structural anomalies, there are good reasons to be-
lieve that various errors, faults or harmful factors may have occurred during
the process of design, construction and operation. Although the occurrence of
these anomalies may also be attributed to the “low-strength and high-load”
event due to random variations, the chance of this event is usually very small
because of conservative design. Therefore, a realistic method for reliability as-
sessment of existing structures has to be able to take into account these faults

and harmful factors explicitly.

Existing methods are generally inadequate for this purpose. Although the
study of effects of human errors on-structural safety has attracted many re-
searchers (Ditlevsen, 1980; Melchers, 1984a, 1984b, 1984c; Arafah and Nowak,
1986; Hadipriono and Lin, 1986), current research is primarily concerned with
the effectiveness of quality assurance in controlling human errors, and the
implementation of quality control in structural design, construction and use.
However, for a specific existing structure which shows signs of defects, its safety

assessment has to account for the particular faults and harmful factors which
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From the above discussion, it can be concluded that a realistic reliability-based
safety assessment of an existing structure has to consider uncertainties arising
from not only random variations but also various specific faults and harmful
factors which may have occurred to the structure itself. Such a method is
developed in the next section, in which possible faults/factors identified from
the diagnostic procedure and their effects on structural safety are explicitly

taken into account.

As mentioned at the beginning of this chapter, condition evaluation should
include the assessment not only for safety but also for other structural require-
ments such as serviceability and durability. Therefore, suitable assessment
procedures will also be developed for durability and serviceability in the fol-

lowing sections.

Finally, prognosis of structural behaviour regarding various requirements after

a course of action is taken, is briefly described in Section 3.10.

3.7 Safety Study of Existing Concrete Build-

ings

Safety assessment is probably the most important part of condition evaluation
due to the possible serious consequences of structural failure. An accurate eval-
uation of safety regarding various structural requirements will help the decision
maker choose appropriate actions, and hence avoid the severe consequences of
failure. For this purpose, reliability-based approaches can be used. In practice,
however, experience usually also plays an important role in safety evaluation,

and experience-based safety assessment is a good alternative to be considered,
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especially when existing information is insufficient to allow numerical analysis
to be carried out, but a decision regarding the safety condition must never-
theless be made at the time. In usual cases, both of these two approaches are
likely to be employed together to produce satisfactory results. In the following
sections, detailed methods of assessing the safety of an existing defective con-
crete building, using both the engineer’s experience and the reliability method

are described.

3.7.1 Reliability-Based Safety Evaluation

Structural reliability analysis can be carried out for various purposes. For
example, in the reliability-based code implementation, a large population of
structures has to be considered, and the related reliability analysis is generic.
In the assessment of an existing defective concrete building, the reliability
evaluation is specific, and involves only one particular structure or even a

single member.

Conceptual differences exist between generic and specific reliability evalua-
tions. In structural reliability analysis, the safety margin can usually be ex-
pressed by Q = R — S, in which R and S are random variables representing
resistance and load effect respectively. In generic reliability analysis, R repre-
sents the resistance of a large group of structural members of the same kind,
and hence its probability distribution, denoted by fr(r), describes the fre-
quency of the occurrence of all possible values of R. In this case, fgr(r) is

obtained from experimental data or numerical simulations.

In dealing with a specific defective structure, the reliability evaluation is unique
to the member and a particular limit state, and the related resistance R is the-
oretically a deterministic variable. For example, if a concrete beam is loaded

to bending failure, there is only one ultimate load to be recorded. If this deter-
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~ ministic value can be obtained, safety assessment would be much simplified.
Unfortunately, the resistance R of a real structural element is never known
exactly in practice, because the failure test usually can not be conducted on
an existing structure which is still in service, and uncertainties unavoidably
exist in evaluating R by whatever methods. The uncertain resistance R of an
existing structure or member then has to be treated also as a random variable
for the purpose of analysis. However, the probability distribution fr(r) in this
case should be interpreted in a Bayesian or subjective sense rather than in a
frequency sense. In other words, fr(r) here only reflects our degree of belief
in the true value of the resistance, and hence its shape is closely dependent
upon the amount of information available. The more information available
on the given structure, the closer fgr(r) will be to the true point value of R.
Reliability-based safety assessment of an existing structure is very much di-
rected to the evaluation of fr(r) using specific information about the physical

state of the structure.

Since the resistance R is usually a function of a set of basic variables such
as material properties, dimensions, and the function is dependent on the cho-
sen model of structural analysis, the estimation of the probability distribution
fr(r) involves determining the distributions of those basic variables and to
assess the uncertainty involved in the model of structural analysis. In generic
reliability analysis, each of these basic variables is represented by a popula-
tion distribution obtained from available test data together with professional
judgements, with its mean and variance estimated with reference to the nom-
inal value of the variable assumed in the original design. For example, the
compressive strength of concrete with “good workmanship” can be modelled
by a normal distribution with the mean value of 1.16 f, and a coefficient of vari-
ation of 0.10, in which f; is the nominal concrete strength (Ellingwood, 1977).
Distributions of this kind for common basic variables are available in the ex-

isting literature, and are summarized in Appendix A. In the assessment of an



Chapter 3: Condition Evaluation 107

existing structure, if sample data are not available, a good approximation is
to use these population distributions to represent the relevant basic variables,
provided that the structure is functioning properly and there is no serious de-
terioration. However, the real physical state of an existing concrete building
at the time of assessment may be considerably different from that in the orig-
inal design documents, mainly due to factors such as errors or faults during
design, construction and service periods, deterioration and damage. This is
particularly the case for potentially defective structures where the observed
anomalies strongly suggest the occurrence of these errors or harmful factors.
Therefore, the use of population distributions to represent the basic variables
for an existing structure is irrelevant in many cases. The effects of those factors
which cause the defects have to be taken into account. Procedures described

below are specifically developed for this purpose.

Updating the Distributions of Basic Variables

Two types of basic variables regarding structural resistance are usually en-
countered in evaluating the reliability of an existing structure regarding an
interested ultimate limit state. For those variables whose properties can be
obtained with certainty in the condition survey, deterministic treatment is ad-
equate. For example, the dimension of a concrete beam at the mid-span may
be accurately measured during the investigation, and can be considered as
a deterministic variable in the reliability analysis regarding the bending ulti-
mate limit state. Other basic variables such as concrete strength, the amount
of reinforcement (which may not be directly measured) have to be treated as

random variables, and represented by their probability distributions.

Suppose there are m basic variables involved, i.e. X = (X1, Xz, -+, X;). Toes-
timate the distribution fx;(z;), the effects on the structure of any errors and/or

harmful factors have to be taken into account. Since the observed anomalies
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are the manifestations of possible defects, it is convenient here to use the hy-
potheses obtained in the diagnosis to represent the errors and harmful factors
when estimating fx,(z;). For this purpose, the distribution of each random
basic variable X; can be assessed conditional on a hypothesis H;, and denoted
by fx.m(zi, H;). Obviously each hypothesis H; € H = (Hy, H,,---, Hy) con-
tains a set of explanations which are possibly responsible for the occurrence
of the identified anomalies, and therefore fx,z(zi, H;) represents the distribu-
tion of X; with regard to the joint effects of all explanations contained in Hj.
Thus if the diagnosis is incomplete, X; has to be described by n conditional

distributions.

Before sufficient sample test data are available, these conditional distributions
have to be estimated using experience and judgement with reference to the
original design documents available. Actually the incorporation of subjective
information such as experts’ opinion in engineering problem-solving is indis-
pensable, and the subjective assessment of fx;x(z:, Hj) is practically possi-
ble. For example, in a case where cracks were found in concrete beams of
a newly erected structure, it is assumed, for simplicity, that there are only
three hypotheses to be considered, i.e. Ho="“null hypothesis”, H,="early over-
loading”, H,="“the wrong use of lower grade concrete”. To evaluate the vari-
able “compressive concrete strength” X,, it is necessary to estimate the three
conditional distributions fx,z(zc, Ho), fx.m(Ze, H1) and fx, (2., Hz). The
concrete strength assumed in the original design documents is considered to
follow a normal distribution with mean and deviation of m and ¢ respectively.
Since Hy and H; do not affect the properties of X., relevant distributions
conditional on Hy and H; can be approximately represented by the same pop-
ulation distributions as in the design, with their means and deviations being
fxan(ze, Ho) = (m, o), fx.u(ze, H1) = (m, o) respectively. The conditional
distribution fx, g (z., Hz) can be represented also by a normal distribution

with mean and standard deviation as (m — Am, o + Ac), in which Am and
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Ao have to be judged by the engineer from his/her experience and any other

information obtained in the condition survey.

Conditional distributions thus estimated can be further updated if new sample
data are gathered in the assessment process. For this purpose, the subjectively
evaluated fx,g(zi, H;) can be considered as the prior distribution and denoted
by f;(-'l u(zi, H;), and the posterior conditional distribution fJ”(.-I glzi, H;) using

the new data D is obtained from Bayes’ theorem:
P"(H;) - fxyu(zi, H;) o< P'(H;) - fx,u(i, H;) - (i, H; | D) (3.52)

where [(z;, H; | D) is the likelihood of the observed test result D given X; and
H;; P'(H;) is the probability of H; before D is obtained, and P"(H;) is the
updated probability of H; using D; both P'(H;) and P"(H;) are obtained from
the diagnostic procedure described in Chapter 2. The updated conditional
distribution f;’(-'l g(zi, H;) then reflects our degree of belief in the value of the

variable X; conditional on Hj;, based on knowledge currently available.

Updating the Estimate of Model Uncertainty

Uncertainties in the imperfect model of structural analysis (model uncertainty)
are also crucial to the accuracy of reliability evaluation. In generic reliability
analysis, structural behaviour regarding a particular limit state can be ana-
lyzed using appropriate models developed from either the standard codified
design method or a suitable advanced approach. These models usually adopt
the assumptions made in the design, and the uncertainty is represented by a
random variable whose properties are estimated from test data and subjective
judgements. For an existing structure showing various anomalies, however,
assumptions made in the original design may not be still valid, and different
models may have to be considered depending on various possible explana-

tions of the observed anomalies. In fact, structural analysis can usually be
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improved at the time of assessment by applying a more specific and accurate
model. Generally, if the hypothesis H; has been confirmed from the diagno-
sis, a mathematical model particularly suitable for the relevant limit state can
be determined by taking into account the effect of H;, and denoted by Gy, .
For the whole hypothesis set H = (Hy, Ha,---, Hy,), there could be n models
selected in this way, i.e. G\x,, G\, **, G|1,,- Apparently G g; is valid only if

H; is true.

For conditional models thus obtained, the error involved in each G|y, regarding
its own imperfection can be treated in the same way as that in the generic

reliability analysis mentioned above.

It has to be pointed out that for a hypothesis set H = (Hy, H,, -+, H,),
theoretically there would be n models to be considered. However, since one
model might well be suitable for a number of different hypotheses, the actual
number of models to be considered in practice is far less than n. Therefore, the
treatment of model uncertainties in this manner should not lead to a formidable

task of computation.

Building Floor Loads

The reliability of a structure or structural member is evaluated in terms of
the probability of not entering the ultimate limit state which is defined by
the structural resistance and load effects. Large uncertainties are usually also
present in the determination of applied loads, and hence appropriate proba-

bility models for various loads are crucial to the reliability analysis.

The important load component applied to a building is the floor load, which
consists of dead and live loads. The dead load is produced by the weight of el-
ements comprising the structure such as permanent equipment, partitions and

installations, roofing and floor coverings. In the assessment of existing struc-
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tures, since the weight of such elements can in many cases be obtained with
reasonable accuracy, the dead load can usually be considered as a determinis-
tic variable. However, if the uncertainty presented is relatively large, existing
approaches in the literature often treat the dead load as a random quantity
which follows a normal distribution with mean mp = 1.0D and variance Vp in
the range 0.06 to 0.15, with a typical value of 0.10 (Ellingwood et al., 1980), in
which D is the nominal dead load. If there is no other specific model available,

this normal distribution can be adopted in the assessment.

Live load contributes in a major way to the uncertainty involved in structural
analysis, and its treatment is crucial to the reliability evaluation. Unlike the
dead load which is assumed to remain constant throughout the service life
of a structure, live load varies significantly with time, and therefore has to
be modelled as a stochastic process. Based on available load survey data,
probabilistic models for floor live load have been developed by researchers in
the last few decades. Details of these models are summarized in Appendix B.
The maximum live load L; during the structure’s lifetime (about 50 years) is
found to be represented by a Type I extreme value distribution with moments

given by (Ellingwood and Culver, 1977):

520
E(L) =181+ — :
(L) =187+ 2L psf (3.53)
1
Var(Ly) = 14.2 + % (psf)? (3.54)
1

where Aj is the influence area whose definition is discussed in Appendix B.
The parameters represented by Eqs. 3.53 and 3.54 were obtained jointly by
judgements and fitting the load survey data into the probability models, and
therefore may not necessarily be relevant for a specific structure’s load con-
dition. However, these parameters and the model have been used to produce
design load specifications in various countries (Ellingwood et al., 1980; Pham
and Dayeh, 1986), and hence the use of this model in evaluating an existing

structure will result in a reliability index which can be used in checking the
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structure’s safety level in comparison with that required in the appropriate

design codes.

The Formulation of Reliability Analysis

Since probability distributions of the basic variables regarding structural re-
sistance are assessed conditional on a hypothesis H;, the distribution of the
resistance R can also be represented by a conditional distribution denoted by
fria(r, H;). Using frig(r, H;) and the probability distribution of the applied
load fs(s) discussed in the last section, the failure probability conditional on

each hypothesis, Psz(H;), can be calculated and conceptually expressed by:
Pra(H;) = [~ Fry(e, Hy) - fs(x)d (3.55)

where Frip(r, H;) is the cumulative probability distribution of resistance R
conditional on a hypothesis H;. In practice, it is more convenient to evaluate
the conditional reliability index By (H;) using the famous First Order Second
Moment method, and the relation between the failure probability and the

safety index can be approximately represented by
Bu(H;) = @71 — Py (Hj)] (3.56)

in which @ is the cumulative distribution function of the standard normal
distribution. The conditional reliability index Bi(H;) thus defined represents
the engineer’s belief in the safety condition of the structure if the hypothesis
Hj is true. For simplicity, it is assumed in the above formulation that the load

effect is independent of H;.

Apparently there will be n conditional safety indices available for the hypoth-
esis set H = (Hy, Hy,-- -, H,). The probability that Bz (Hj;) is true is equal to
the probability of hypothesis Hj, i.e. P[8jy(H;)] = P(H;), in which P(H;)is a
subjective probability, and obtained from the diagnostic procedure described

in Chapter 2. This is schematically illustrated in Fig. 3.5.



Chapter 3: Condition Evaluation 113

P(Bx) 4

0 Hi'Hj H

Figure 3.5: An Illustration of the Distribution of Index f

The distribution of H reflects the amount of information available for diagnos-
tic purposes. However, the distribution of 8y represents both the effects of
various hypotheses on the safety condition of the structure and the amount of
information available. It is possible that several hypotheses correspond to the
same [ value. Since there is only one true hypothesis H*, the complete diag-
nosis will result in a single reliability index 8*, which indicates the engineer’s
degree of belief in the safety of the structure using the complete diagnostic

information.

It is important to realize that uncertainties considered in the reliability eval-
uation using the proposed approach fall into two categories: (1) uncertain-
ties from inherent random variation and errors in estimating relevant models

and parameters; (2) uncertainties from the effects of various unknown faults
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or events which have caused the damage and deterioration of the structure.
Generic reliability analysis usually only considers the uncertainties of the first
category. With the uncertainties from the second category treated by evaluat-
ing the safety index conditional on a hypothesis, the resulting B, is at least
as accurate as that in generic reliability analysis. This makes it possible to
compare the safety condition of an existing defective structure with the legal
safety level required in the relevant codes, which have usually been obtained

using generic reliability analysis.

3.7.2 Assessment for Safety Conditions Using 8 Values

As is widely known, the reliability index usually does not correspond directly
to any true failure probability, but nevertheless reflects consistently the safety
condition of a structure. The accurate and practical interpretation of the
values obtained for 8|5 is very important to the assessment of existing defective

structures.

Although there is no absolute safety for engineering structures, it is frequently
desirable to describe whether a structure is safe or not safe under specified
conditions. Practically, a structure can be considered safe if its risk of failure
is below the level which is widely accepted by the engineering profession and
community, i.e. if the calculated failure probability P; is not greater than
an acceptable target probability P°. Using the reliability index 8 in lieu of
probability values, this Py < PP is then equivalent to § > £°, in which 8° =
®-1(1— PY), and ® is the function of standard normal distribution. Therefore,
if a target reliability index 3° is available, an existing structure can be assessed

to be legally safe if its calculated S is not less than A°.

However, difficulties exist in finding a suitable value of 3° acceptable to all

interested parties. In the reliability-based code implementation of recent years,
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the g value implied in current practice has been adopted as the target reliability
for deriving the load factors. For example, it was found that 8 values for most
flexural and compression concrete members tend to fall within the range of 2.5
to 3 for different load combinations in the United States, and hence the target
safety index A° adopted for the combination of dead and live loads was 3.0
in The Building Code Requirements for Minimum Design Loads in Buildings
and Other Structures (Ellingwood et al, 1980). For the purpose of assessing
the safety condition of an existing structure, one could naturally compare the
calculated § with the code-implied target reliability. Specifically, if 8 > 39,
the structure can be considered safe. However, the fact that 3 values vary
with different kinds of structural members and load combinations makes this

approach a little clumsy in application.

In addition to the code-implied target reliability index 3°, based on the axiom
that a correct application of the relevant codes or standards results in a safe
structure, Schneider (1992) suggested that an existing structure will be safe if
its re-evaluated B value at the time of assessment is not less than the value
B¢ which is the safety index achieved in a correct design of the same structure
according to relevant codes. For any existing structure, if there is no error
in its original design according to relevant codes, 8¢ can be easily evaluated
using the design data of this structure. Otherwise, if there are design errors
involved, 3¢ has to be calculated using the design data of the same structure
after the error has been corrected. The comparison between # and ¢ thus
reflects the relative change of safety index of the same structure, and hence
is reliable and meaningful. In this work, it is suggested that 3¢ be used to
compare with the re-evaluated g for the the safety assessment, i.e. if 3 > 9,

the structure is considered legally safe.

If B < B¢, the structure’s safety condition is deteriorated or damaged, and
further examination is necessary. Generally, the higher the value of 3, the

safer the structure will be. If the calculated § using the information currently
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available is far smaller than B9, the danger of structural failure is real, and
hence the safety condition of the structure is certainly unacceptable. Therefore,
the structure is “severely defective” regarding the relevant ultimate limit state.
How much the B value is less than 3% has to be determined by the engineer
based on experience with reference to typical values of 3 accepted in the current
practice. For example, the typical value of 3¢ for flexible concrete members
subjected to gravity loads is around 3.0 in current practice. If the evaluated g
is less than 2.0, there is then little doubt that the structural safety condition

has to be improved in order to keep the structure in service.

However, difficulties usually exist when the re-evaluated 3 is less than, but
close to #¢. In this case, the assessment has to be made by evaluating factors
such as likelihood and possible consequences of structural failure, using relevant
judgements and information such as the diagnostic results. If it is judged that
the danger of structural failure is a real concern, the structure is classified to
be “severely defective”; if the structure is in a satisfactory condition, and no
structural repair is needed, the structure is then classified to have “negligibly
defective”; otherwise, the structure’s safety condition falls into the category of

being “moderately defective”.

In summary, according to the reliability index § obtained, the safety condition
of an existing structure concerning a specific limit state can be represented by

the following four categories:

(1f B> 8% safe

negligibly defective
‘ gligibly def (3.57)
If B<py moderately defective

! severely defective

in which the value of 3 is estimated conditional on a hypothesis H;. In other

words, this assessment has to be carried out for each hypothesis H; € H.

Outlined above is the procedure for evaluating the safety of existing concrete
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buildings based on structural reliability theory. It is certainly ideal to use
this method in practice to assess accurately the safety condition of structures.
However, the amount of data and knowledge needed in implementing the ap-
proach are not always available to the engineer in solving real problems. If
this is the case, the experience-based procedure described in the next section

can be adopted.

3.7.3 Experience-Based Safety Assessment

Safety assessment based purely on the engineer’s experience has been occasion-
ally criticized for its unreliability. Surely it is very difficult to judge whether
a building is safe or not only using experience without carefully carrying out
relevant calculations. However, by the use of diagnostic results obtained from
Chapter 2, it is possible to assess the safety of an existing structure with

reasonable accuracy.

In practice, we are usually only interested in a particular structural member or
substructure regarding one specific ultimate limit state in the safety evaluation.
Thus considering a potential safety problem triggered by a set of observed
anomalies which can be related to a set of ezplanations defined in Chapter 2,
if the true explanation has been identified, an acceptable judgement on the
safety condition regarding the relevant limit state may be made by the engineer
from has/her experience and relevant knowledge of concrete structures. For
example, if it is confirmed that the explanation for the cracking on the bottom
surface of a reinforced concrete slab is “early over loading during construction”,
it can be concluded that the slab will be safe regarding its bending ultimate
limit state, provided that there are no other anomalies observed in the slab
and the design complies with relevant codes. Since there is no absolute safety
for engineering structures due to unavoidable uncertainties, in this kind of

assessment the conclusion “safe” should be interpreted as “the member is at



Chapter 3: Condition Evaluation 118

least as safe as the code requires”, and hence can be considered as “legally safe”
under the current code specification. For practical purposes, the experience-
based procedure for safety assessment described in this section will use “safe”,
“moderately defective” and “severely defective” to indicate the safety condition
of a structural member or substructure. The last two terms can be interpreted

as “there is a potential danger” and “there is definitely a danger” respectively.

From the diagnostic procedure described in the last chapter, explanations for
the pattern of anomalies observed in a structure are generally represented by a
set of hypotheses H = (Hy, Hy,- -+, H,,). For a given H;, it is possible to assess
the safety condition of the structure according to explanations contained in H;
together with any other relevant information available. If it can be concluded
by the engineer confidently that the structure can fulfill its intended functions
satisfactorily, and that the risk of failure is acceptable, the safety condition is
then assessed safe. Otherwise, if repair action has to be carried out in order
to keep the structure in service, the structure is assessed to be moderately
defective or severely defective depending on factors such as urgency of repair,
repair cost and possible consequences of failure. In this way, safety assessment

is carried out conditionally on each hypothesis H; € H.

Obviously, if the diagnosis is incomplete, the result of safety assessment is not
unique. For a hypothesis set having n elements, i.e. H = (Hy, Hy,- -+, Hy),
with each member ranked by its probability P(H;), the safety condition of the
structure, if denoted by X, can be represented by Xrg;, wherei =1,2,--- n.
The probability P(Xgy,) indicate how likely X Fig; 1s true, and P(Xpy,) =
P(H)).

In some cases, the judgement of safety will not be so straightforward, even if
the explanation of the anomaly has been identified, simply because the infor-
mation contained in the explanation is not sufficient to make such a judgement.

For instance, if the explanation in the above example is “concrete compres-
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sive strength is low”, it is then insufficient to conclude that the slab will be
safe or unsafe. Under such circumstances, further information on the concrete
strength needs to be gathered through experiments, and used in an analysis to
provide new information for the assessment. The reliability-based safety as-

sessment procedure given in previous sections may be adopted as appropriate.

It should be pointed out that the safety evaluation discussed above is carried
out regarding the present physical state of the structure. Therefore, the ob-
tained results are valid only if there are no chronic factors involved. Upon
the examination of the outcomes of the condition survey and diagnosis, if
time-dependent factors play important roles in the safety conditions, then it
1s necessary to carry out a durability assessment. For example, if the observed
anomaly is “corrosion of the reinforcing steel”, the safety evaluation regard-
ing any ultimate limit state of the structural member or substructure will be

carried out as part of the durability assessment, to be discussed in section 3.9.

3.8 Assessment for Serviceability Conditions

Since serviceability problems are usually manifested by various anomalies such
as excessive cracking and deflection, the extent of damage regarding a inter-
ested serviceability limit state such as the crack width may be determined at
the time of assessment. If this is the case, by comparing the obtained measure-
ments with various limits on serviceability requirements specified in relevant
codes, the engineer can decide whether the structure is satisfactory or inade-
quate regarding the relevant serviceability. Of course, owners of the structure
may have their preferred requirements on particular serviceability limit states,

and in this case the assessment has to allow for the owner’s demand.

However, the assessment made in this way is valid only at the time of in-

vestigation. Requirements regarding any serviceability limit state have to be
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satisfied during the whole period of service life. For this reason, the structural
performance regarding the interested limit state in the future has to be pre-
dicted and assessed as to whether it will be satisfactory or inadequate. For this
purpose, numerical calculation using reliability method , if possible, is ideal.
Unfortunately, due to poor mathematical models available for predicting the
serviceability behaviour, relevant calculations for serviceability performance,
such as the estimation of crack width, usually prove only effective in determin-
ing the dimensions of structural members in the design phase, and usually are
not accurate enough for re-assessment. Therefore, serviceability assessment

using numerical calculations is not always meaningful.

On the contrary, experience-based approaches can be very useful. Since the
assessment of a serviceability limit state is usually triggered by the observed
anomalies, the future serviceability performance of the structure, in most cases,
can be well-predicted from experience, if explanations of the anomalies are
identified. Specifically, for a given limit state X, the engineer can find out the
code-specified limit on the structural performance concerning Xs, and is able
to judge whether the structure is going to satisfy the serviceability requirement
or not by assessing the effects of the identified explanations on the concerned
serviceability. Because the explanations of anomalies are represented by a set of
hypotheses in the diagnostic procedure, the result for serviceability assessment
can be represented by Xg 5, =satisfactory and Xy, =inadequate, where H; is
the ¢*» hypothesis. Thus for n hypotheses available, i.e. H = (Hy, H,,- -+, H,),
an assessment for any serviceability limit state can be made conditional on H,
and denote by Xgz(H;). The probability distribution of Xgz can be easily
obtained from that of H,i.e. P(Xgy,) = P(H;), where P(H;) is obtained from

the diagnostic results.
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3.9 Assessment for Durability Conditions

Durability problems, in this work, refer to those chronically developing anoma-
lies which are, or will, be indications of violation of ultimate and/or service-
ability limit states. Examples of this kind are corrosion of reinforcing steel and

carbonation of concrete cover.

Regarding the durability problem, repair becomes necessary when the anoma-
lies have developed to such an extent that the structural safety is threatened,
or the serviceability, functionality of the structure are impaired. Since the
problem is time-dependent in nature, the decision on when to carry out the
repair ideally should be made with an accurate relationship between the struc-
ture’s performance and time represented by a curve. However, due to limited
knowledge available on the mechanism of development of common anomalies,
such a relationship can hardly be established. In practice, realistic solution
is usually to determine the necessity of repair according to factors such as
the owner’s preferences and financial situation together with the structure’s
condition judged by the engineer. Generally, when the problem is firstly iden-
tified in the condition survey, owners of the structure have different attitudes
to the repair strategy. Some would like to take a repair action only when
it is definitely needed, while others may prefer to have cheaper but regular
maintenance activities. No matter which situation it might be, the engineer
has to provide the owner with an approximate estimation of the structure’s
remaining service life both with and without taking a course of action. The
period of this remaining service life may be called satisfactory period, during
which the structure is supposed to behave satisfactorily regarding the identi-
fied durability problem. Since the satisfactory period is a very important and
useful parameter in the practical approach of selecting the repair strategy, it
will be used here to represent the result of durability assessment. In other

words, an existing structure’s durability condition can be assessed in terms of
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its satisfactory period, denoted by Xp. Xp can be measured in terms of years,
and for practical purposes is represented by the relevant ranges such as 5 years,
15 years and 20 years. Of course different ranges can be used depending on

the specific problem at hand.

The satisfactory period of a particular problem has to be assessed using ex-
perience by taking into account the physical state of the structure and ambi-
ent conditions. Information and test data such as chloride content, corrosion
intensity are all valuable materials for this purpose. The causes or expla-
nations of the deterioration may also be important in determining Xp. If
this is the case, like the assessment for safety described in Section 3.7.2, Xp

can also be evaluated conditional on a hypothesis H;. For the hypothesis set

H; € H = (H,H,,--,H,), Xp can be represented by Xp g (H;).

Outlined above is the assessment of safety, serviceability and durability which
are usually compulsory. In addition, depending on the owner’s preference,
other cosmetic concerns such as appearance may also be non-trivial issues.
Therefore, the content of condition assessment has to be determined by the

engineer for specific problems.

3.10 Prognosis Procedure

Prognosis here refers to the process of predicting the structural adequacy of
an existing structure or component in the future after the corrective work is
executed. Methods for assessing structural safety, serviceability and durability
described in previous sections can be directly applied to the prognosis by taking

into account the effect of the chosen course of action.

Thus in experience-based safety prognosis, the engineer has to judge whether

the structure is going to be “safe” or not from his/her experience, with regard
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to a hypothesis and a chosen action a;. If reliability-based prognosis has to be
carried out, the statistical properties of basic variables as well as the model
uncertainty have to be modified by taking into account the effect of a;. The
resulting conditional reliability index has to be denoted by ﬂﬂ,’{' Finally, the
result of the safety prognosis is represented by X;'Jl g(H;), where H; € H.

Similarly, the results of a serviceability prognosis can be represented by X;fH(H.-)
with two linguistic values: “satisfactory” and “inadequate”. Both the safety
and serviceability prognoses have to be carried out for the entire period of the

planned service life of the structure.

Durability prognosis can be performed in exactly the same way as that in
durability assessment except that the effect of a course of action a; has to be
considered over time. For example, the result can be denoted by X;)jl g(H;)

with three values: “5 years”, “15 years” and “20 years.”

3.11 Summary of This Chapter

A procedure for condition evaluation of existing concrete buildings has been
outlined, in which the structural conditions regarding safety, serviceability
and durability before and after a course of action is taken can be assessed
using both experience and reliability analysis. The set of hypotheses obtained
from the diagnostic procedure described in Chapter 2 are deliberately used
in the proposed approach, and the result of this chapter forms the basis on
which relevant decisions with regard to maintenance and repair can be made
through a rational decision-making procedure which will be developed in the

next chapter.



Chapter 4

A Method of Decision-making
for Dealing With Existing

Concrete Buildings

4.1 Introduction

In previous chapters, our attention was focused on the development of suitable
procedures for identifying and explaining observed anomalies, and assessing
structural conditions regarding safety, serviceability and durability. However,
the final purpose of dealing with existing concrete structures is to determine
what course of action is appropriate for the structure. To do this, sound
decision-making techniques need to be employed which can cope with the in-

herent difficulties of the situation.

One major difficulty is how to deal with uncertainty in making a relevant

124
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decision. The main purpose of taking a course of action is to restore the struc-
ture’s performance to an acceptable level regarding various requirements such
as structural safety, serviceability and durability at an acceptable cost. If the
structure can be assessed for these requirements with certainty, the selection
of a course of action from a set of candidates available can be simply made
by comparing consequences of each action according to the decision-maker’s
preferences. However, as can be seen from the procedures of diagnosis and
condition assessment, uncertainties are always presented unless perfect infor-
mation is obtained.” It is usuéﬁ? practical only to predict possible outcomes
of a course of action. It is therefore difficult to make a decision using any
deterministic approach or experience alone. This is especially the case when
the consequence of making an inappropriate decision is very serious, such as
structural collapse. Under such circumstances, a well-structured procedure
combining suitable decision-making techniques together with practical con-
cerns is needed to help the engineer consistently make rational decisions under
risk and uncertainty, and hence reduce the chance of committing mistakes. It

is the aim of this chapter to develop such an approach using sound theories.

Depending on specific problems concerned, many techniques are available for
making decisions under risk and uncertainty. Probability-based modern deci-
sion theory is one of a number of reasonable approaches, and has been widely
applied in engineering and other fields. The outcomes of diagnosis and condi-
tion evaluation described in previous chapters have been presented in terms of
the concepts of probability, and can be easily incorporated with this theory.
For these reasons, statistical decision theory will be used in this chapter as the
framework for the development of a method of making rational decisions in
the treatment of existing defective concrete buildings. A preliminary review
of decision theory is therefore presented in Sections 4.2 and 4.3. Following
a short summary given in Section 4.4, the proposed method is described in

Section 4.5.
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4.2 A Brief Review of Statistical Decision

Theory

Decision-making is a matter of choosing a course of action from a set of alter-
natives. This choice is made in decision theory by comparing different courses
of action using an appropriate criterion according to the decision maker’s pref-
erences. Before going more deeply into this theory, some concepts and basic

steps involved are briefly summarized in the next section.

4.2.1 Basic Steps in Simple Decision Analysis

Statistical decision analysis (Pratt et al, 1965; Raiffa, 1970; Robinson, 1981)
is usually carried out through a number of steps which decompose a complex
problem into small subtasks and allow the decision analyst to solve them se-
quentially. Although the detailed steps are usually dependent upon the specific

problem, broadly speaking, there are four basic steps in decision analysis.

The first step is to structure the problem, i.e. to work out feasible courses
of action or alternative actions and their possible outcomes, to identify the
nature of risk and uncertainties involved, and to identify the decision maker.
The result of this step may be best represented by a tree structure called a
decision tree as shown in Fig. 4.1. The square node D is the decision node,
and the branches emanating from it denoted by a1, as, -+, an represent the
courses of action which have been identified. Since the outcome of each a; can
not be pre-determined with certainty at this stage, all possible outcomes of a;
are presented in the decision tree and denoted by 8y,0,,---,0,. The likelihood
of occurrence of each outcome 0; is measured by its probability P(6;) which
is estimated by the decision analyst using the information available. Since the

decision maker may have different preferences for the various outcomes of an
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action, each pair (a;,0;) is ranked in terms of a numerical value denoted by

V(ai,8;) which has to be assessed from the decision maker.
’ /
D az 02

am

V(az , 0,)

Figure 4.1: An Example of Decision Tree

The second step in the decision analysis is to estimate the probability of an
outcome, P(f;), and the value function V(a;,8;). The accuracy of the final
decision will be very much dependent upon the result of this step. The prob-
ability P(0;) reflects the state of knowledge available, and is to be assessed
by the decision analyst. It should be noted that the decision analyst and the
decision maker are not necessarily the same person. The former is the person
who carried out the decision analysis, and the latter is the one whose pref-
erences regarding possible consequences are to be used to compare different

alternatives.

After relevant probabilities and value functions have been estimated, the third
step in the decision analysis is to choose an appropriate criterion on which
the decision can be made. The most common criterion for this purpose is the
expected value criterion, which is to choose the course of action that maximizes
the expected value. However, depending on the specific problem, other criteria
such as Mazimin and Mazimax rules, may also be applied. A number of

decision rules widely used in practice are discussed later in section 4.2.6.

The final step is to carry out necessary numerical calculations for making the
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decision. As a simple example, the decision problem illustrated in Fig. 4.1 can
be solved by firstly evaluating the expected value for each course of action a;
as:

E(a) = i:P(G,') x V(a;,b;), (4.1)

and choosing the action a* which has the maximum expected value, i.e.

E(a*) = Maz{E(a,), E(as)," -, E(an)} (4.2)

The process of decision analysis has been briefly summarized above, and good
references on decision theory can be found elsewhere (von Neumann, 1947;
Howard, 1968; North, 1968; Benjamin and Cornell, 1970; Raiffa, 1970; Bradley,
1976). |

As can be seen from the above discussion, uncertainties in decision analysis are
represented by probability distributions which are estimated from information
available. Therefore, the quality of a decision made at any time is closely
related to the amount of knowledge available at that time. It is also necessary
to realize that, unless uncertainties are completely eliminated, there is always
a risk of facing bad outcomes from a decision thus made. In other words,
a decision maker can make a good decision, but can not guarantee the best

results.

In order to compare different courses of action, appropriate values have to be
assigned to their outcomes. For this purpose, there exist a number of different
ways to assess the value function over possible consequences from the decision
maker’s preferences, and some concepts regarding this are addressed in the

next section.
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4.2.2 Concepts of Preference and Utility

Generally, preferences are of two types, i.e. direct preference and the preference
reflecting attitude to risk. For instance, “I would prefer red to black” is an
example of direct preference. An example of the second type is : “I would
rather take course of action A and accept outcome Ay for certain, rather than
adopt course of action B, giving me a twenty percent chance of outcome B,
and an eighty percent chance of outcome B,”. In practice, preferences appear

mostly as the combinations of these two types.

Various preferences may be simply scaled using monetary value, e.g. the cost
of an outcome of a course of action in terms of dollars. However, this approach
does not allow for decision-making in situations where non-monetary outcomes
are present. Also, existing evidence indicates that most decision makers are
averse to risk (Pratt, 1964; Benjamin and Cornell, 1970; Raiffa, 1970; Dandy
and Warner, 1989), and the phenomenon of risk aversion can not be accounted
for in the decision analysis if the monetary value is used to scale the preferences.

For example, given two options A and B with the following properties:

e A=win $ 100,000 for sure;

e B=win § 1,000,000 with probability of 0.1 or $ 0 with probability of 0.9,

it is reasonable to expect that different people would have different choices
depending on factors such as their financial resources, and attitude to risk.
However, based on the expected value criterion using monetary values, there

will be no difference between choosing A and B.

For these reasons, monetary value is not always appropriate for ranking con-
sequences in decision-making, and better quantities are certainly necessary
for scaling preferences when uncertainties are involved. According to Hull et

al. (1977), utility is probably the most satisfactory, and generally accepted,
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scale for preferences. Utility theory derives from von Neumann’s four basic

assumptions (von Neumann, 1947). Briefly, these are:

1. outcomes resulting from a course of action can be compared. In
other words, preferences can be evaluated for outcomes or prizes,

and these preferences are transitive;

2. preferences can be assigned in the same way to lotteries involving

prizes as they are assigned to the prizes themselves;
3. there is no fun in gambling;

4. continuity holds for preferences.

If these assumptions are accepted, there is then a mathematical function U,
called a utility function, that assigns a real number to each prize or outcome

with the following properties:

e utility function U is defined on the set of possible outcomes;
e outcome 8, is preferred to outcome 0p if and only if U(64) > U(6p);

e a course of action resulting in possible outcomes 6,,6,,- - -, 6, with prob-
abilities p1,pa,-++,pn is preferred to another one resulting in possible
outcomes 1,2, -+, ¥ With probabilities ¢1,qs, " - -, ¢, if and only if

Xn:p; x U(6;) > iqj x U(3;) (4.3)

i=1

n m

where E pi = 1 and qu = 1. The utility function allows preferences
=1 i=1

to be consistently described by means of a real number scale.

One interesting property of the utility function which needs to be mentioned
is that its absolute magnitude is not important, since the preference scaled by

its utility is unchanged if the numerical value of the utility is multiplied by a
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positive constant or added to any constant, i.e. if U(z,y) is a utility function,
then U'(z,y) = k1 + k2U(z, y), where k; > 0, is also a utility function. In other
words, the utility function is invariant to positive linear transformations. This
indicates that with preferences, utilities of consequences are measured relative
to an arbitrary origin and unit of measure. This property greatly simplifies

the estimation of utility values in practice.

4.2.3 The Estimation of Utilities

Utility values over possible outcomes are usually extracted from the decision
maker by the decision analyst through an appropriate acquisition procedure
which varies with the type of utilities. In practice, there are broadly two kinds
of utility according to the number of dimensions in describing the consequences.
If outcomes of a course of action can be described by a single parameter, the
related utility is unidimensional. If more than one parameter are needed to
fully describe the outcome, the resultant utility is then multi-dimensional, and
is also referred to as a multi-attribute utility. Depending on the dimensionality,

different techniques are required to estimate various utility values.

Assessing Unidimensional Utility

The simplest approach to evaluate unidimensional utility is direct rating (Torg-
erson, 1958). This method involves assigning quantitative scales to discrete

outcomes according to the decision maker’s judgement.

Perhaps the most widely used approach in assessing unidimensional utility is
the gamble method which was described by von Neumann (1947) and Raiffa
(1970). It involves establishing the certainty equivalents of a number of simple

gambles, and utility values can be easily obtained for discrete outcomes. The
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method has been successfully applied to many practical decision problems

(Marguardt et al, 1965; Ginsberg et al, 1968; Betaque and Gorry, 1977).

However, if utility values are required for a wide range of outcomes in a decision
situation, the utility estimation using the above methods may become very
tedious. This difficulty triggered the development of some simplified methods
which usually reduce the utility evaluation from obtaining all points on a curve
to determining a few parameters in a functional form. The commonly used
function for this purpose is a quadratic one (Markowitz, 1959). However, it
seems that this approach was mostly developed and used in the context of the

utility of investors for money, and few applications are reported in other fields.

Assessing Multidimensional Utility

No fundamental differences exist between unidimensional and multi-dimensional
utilities, since both of them are a means of describing preferences and attitude
to risks over a set of outcomes involved in a decision problem. Theoretically,
multi-dimensional utilities can also be evaluated using the same methods as
for assessing unidimensional utilities. However, there exist practical difficulties
for this purpose. Since a complete multi-dimensional outcome space is formed
from the combination of different dimensions, if the involved dimensions are
continuous, the total number of outcomes will be too large to be handled in
the utility assessment. Therefore, various methods specifically suitable for
estimating multi-attribute utilities have been developed (Fishburn, 1966; Far-
quhar, 1977), which can simplify the assessment procedure based on some

assurnptions.

Of these methods, one simple approach (Hull, 1977) is to assume that the
utility is a linear function of values of different dimensions of the outcomes.

For this purpose, if each dimension X; can be measured by its own quantitative
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scale z;, and if it is assumed that there is a constant rate of trade-off between
one dimension and another, the utility over n-dimensional outcomes can be
represented by the following function:
n
U(z1,22, " Tn) = Z;aimi (4.4)
i=
where U(z1, 2, -+, 2,) is the multi-dimensional utility function; z; is the nu-
merical scale of :** dimension and a; is a constant representing the trade-off
between different dimensions. However, the application of this approach is
very limited because, in many cases, not all dimensions can be measured by

their own numerical scales.

Perhaps the most widely used method is to assume that multi-dimensional
utilities follow an additive utility function (Adams, 1959; Fishburn, 1965; 1967;
Pollak, 1967), i.e.

U(z1,z2, -+ ,Zn) = Zn: Ui(z:) (4.5)

=1

where U;(z;) is the unidimensional utility function on the i** dimension X;.

Fishburn (1965) has proven that the necessary and sufficient condition for using
an additive utility function is that the evaluation of a course of action under
risk depends only on the marginal distribution over each dimension, i.e. for an
outcome space X = (X1, X3, -, X4s), Eq. 4.5 holds only if “the individual is
indifferent between the two gambles in any pair of gambles that have the same
total probability for each z; € X;(t = 1,---,n) that appears in either.” He
also developed theorems which can be used to test for this condition. Pollak

(1967) also described this condition in terms of preferences.

The function U;(z;) in Eq. 4.5 can be evaluated using the same method as
used in estimating unidimensional utility functions, conditional on some fixed
element of outcomes. However, it is not sufficient to obtain U(zy,zs, -, z,)
by simply summing U;(z;) thus assessed. Because each U;(z;) is defined up to

a positive linear transformation, linear transformations of each U;(z;) do not
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necessarily result in a linear transformation of ) _ U;(z;). Different dimensions
i=1

have to be ranked by a set of scale factors ¢;. These factors reflect the decision

maker’s trade-offs between different dimensions. Methods for evaluating c; are

available in (Eckenrode, 1965; Keeney, 1974), and Eq. 4.5 then becomes:

Ulzs, 2, 20) = i;c.-U;(x;) (4.6)

The major shortcoming of additive utility is the restrictiveness of its requisite
condition which is usually difficult to justify. A less restrictive, but more
practical alternative was originated in Keeney’s work (Keeney, 1972) which
is referred to as quasi-additive utility. The foundation of this method is the
concept of utility independence. Given a utility function U(z,y), one can say =
is utility independent of y if the decision maker’s preferences over any gambles
on z, for a fixed yo in y, are the same regardless of the amount of y,. Then, if

z and y are mutually utility independent, U(z,y) can be evaluated as:
U(z,y) = U(z,50) + U(zo,y) + kU(z, y0)U(z0, y) (4.7)

where k is a constant, and U(z, yo), U(zo, y) are conditional utility functions for
r and y, for arbitrary yo and z, respectively. The same concept can be extended
to the n-dimensional case (Keeney,1972; 1977; Keeney and Raiffa, 1976). The
method has been illustrated by using a two dimensional example (Keeney,

1972), and it was shown that the approach has great practical importance.

Using relevant methods reviewed above, utility values over various outcomes
can be assessed. To make a decision under incomplete information, proba-
bilities of all possible outcomes have to be estimated, and depending on the
amount of knowledge available, making a decision can fall into a number of

different categories.
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4.2.4 Decision-making With Incomplete Knowledge

For a set of courses of action a;,as,-:-,a,, if perfect information has been
acquired, the outcome of each a; can be pre-determined, and the decision can
be easily made by choosing the alternative which has the highest utility. This
is called decision-making under certainty. However, decisions usually have to
be made without knowing exactly the outcome of a;. Rather, the information
available allows us to assign probabilities to the possible consequences of each
alternative. Decision-making in this situation is referred to as decision-making
under risk. If there is no knowledge available at all about the occurrence of

outcomes, the decision is then to be made under uncertainty.

In addition to the above three categories, decisions may fall in between deci-
sion under uncertainty and decision under risk, i.e. the information available is
able to rank the possibilities of outcomes, but is insufficient to obtain the spe-
cific probability values. Fishburn (1964) studied this problem and developed
an equation which can be used to make decisions under such circumstances.
Firstly, he assumed that each course of action has n possible outcomes, and
the decision maker has sufficient knowledge to rank the probabilities of these
n outcomes, e.g. P, > P, > .-+ > P,. Then, the expected utility of a course
of action a;, U(a;), is larger than or equal to that of alternative a,, U(ay), i.e.

U(al) Z [_](02), if

XJj U(a) > Z U(a (4.8)
k=1
forallj =1,---,n, where U(a%) and U(a%) are the utilities of the k™ outcomes
of a;, aj respectively. In other words, given P, > P, > --- > P,, where P, is
the probability of i** outcome, if Eq. 4.8 is satisfied, alternative a, is preferred

to as.

However, a major disadvantage of this approach is that Eq. 4.8 is very difficult

to satisfy in practice. To overcome this difficulty, Kmietowicz and Pearman
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(1981) improved the above method by employing the linear programming tech-
nique in which the maximum and minimum expected utility of each course of
action can be obtained by only knowing that P, > P, > ... > P,. The best
course of action is the one whose maximum expected utility is larger than any

others’.

Regarding the common decision situations discussed above, the problem treated
in this thesis falls into the second category, i.e. decisions under risk. There-
fore, the assessment of probabilities for various outcomes is an important task.
Probabilities involved in many existing decision analysis are usually subjec-
tively assessed. Subjective probability is the measure of a person’s belief as
to the occurrence of an event. The evaluation of this probability is based on
the state of mind, rather than independent trial experiments, and reflects the
state of knowledge available. Many techniques for estimating subjective prob-
abilities are available, and choosing an appropriate one is dependent on the
specific decision problem. In this work, relevant probabilities of consequences
are evaluated from the results of diagnosis and condition evaluation, and no
separate probability assessment is necessary. Therefore, techniques of proba-
bility assessment will not be discussed here in detail, as references are available

elsewhere (Winkler, 1970; Hampton et al., 1973; Tversky, 1974).

With utilities and relevant probabilities obtained, the best course of action can
be easily chosen using the expected utility criterion, and a single-stage decision-
making is thus complete. However, it is usually possible and desirable to
improve the quality of decision-making by gathering new information through
various means such as experimental work, refined analysis. Therefore, different
decisions can be made in sequence depending on the information available. In
this way, the decision-making becoﬁes a multi-stage process. Since gathering
new information is costly, and sometime can be very expensive, whether to
acquire more data or to take a terminating action at any stage is a crucial

decision to be made. The most commonly used methods for this purpose will
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be reviewed briefly in the next section.

4.2.5 Multi-stage Decision-making

Multi-stage decision-making can be carried out in different situations. For
a physical system whose states change stochastically, a sequence of mainte-
nance/repair actions regarding its whole service period can be determined
through a multi-stage analysis which is usually modelled as a Markovian pro-
cess (Eckles, 1968; Satia et al, 1973). In this case, each stage represents one
state of the system, and a course of action is usually chosen for each stage.
Alternatively, in the situation where time factor is ignored, the multi-stage
decision-making is to determine a sequence of information-gathering activities
such as experiments, and finally to choose a course of action using the infor-
mation available at each stage. In this case, various stages represent different
states of information available. Decision-making considered in this thesis falls
into the second category, and therefore the review here does not include the

literature on stochastic process models.

Generally, a decision at the first stage is made by choosing a course of action a*
which has the highest expected utility calculated using the prior information.
If there are a set of tests from which more data can be obtained, there is then
a choice to be made between taking a* or making the decision after a selected
test is conducted. The key point in this multi-stage process is obviously to
decide the necessity of transition from one stage to another. This is usually
determined based on the value of information obtained from an experiment
e (Howard, 1966; Matheson, 1968). To illustrate this, a two-stage decision
tree is plotted in Fig. 4.2 where 7 and i + 1 denote the ¢** and (¢ + 1)* stage
respectively; e denotes the experiment to be conducted and C, is its cost; the
possible outcomes of e are represented by dy,ds, - - -, d;; all other symbols have

the same meanings as in Fig. 4.1 except that U is now the utility function
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instead of the value function used before. At the :** stage before test e is

Or

.D a.E.r Oz U: 0,)

i+1

di al /
dr as Uz . 02.C)

N

d,

Figure 4.2: An Example of Multi-stage Decision Tree

carried out, the total information available to the decision analyst is known as
prior knowledge, denoted here by e. Therefore, at stage 7, the expected utility

of a course of action a; € A is evaluated conditional on ¢, i.e.
U(ai | €) = Y_ P(9; | €)U(as, 65) (4.9)
j=1

in which P(0; | €) is the probability of consequence 6; estimated according to
the prior data e. The best alternative at the 1** stage is a* which is determined

by: U(a* | €) = max[ U(ai | ) ]

After test e is carried out, the probability P(;) can be updated by the newly
obtained data, and consequently an improved decision can be made. How-
ever, since test e will incur a cost C., and the outcome of e can not be pre-
determined, in order to decide whether to take a* as the terminal decision or
to conduct e, it is necessary to compare the expected utility of a* with that

of e. Assuming an outcome dj for test e for sure, the expected utility of a;
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changes to:

[_J(a,- I E,dk) = Z P(H, | €, dk)U(a,-,Hj, Oe) (4.10)

=1
where P(0; | ¢, dx) is the probability of consequence 8; conditional on the newly
obtained data di. To evaluate P(8; | ¢, dx), it needs to estimate the probability
P(dy | 8;, €) subjectively from experience and other relevant knowledge. P(; |
€,di) can then be obtained through Bayes’ theorem:

P(dy | 0;,€)P(0; | €)
P(dy | €)

P(0,- I €, dk) S (4.11)

The expected utility of test e conditional on a single outcome d; can now be

evaluated as:

Ule | e, dy) = rr_lgi([U(a; | €,dk)] (4.12)
Finally, since the test e has [ possible outcomes di,d,,---,d|, its expected

utility has to be calculated by:
]
ZP(dk e)U(e | €, di) (4.13)

in which P(dk | €) is the probability of outcome d;, and evaluated by:

P(di | €)= P(dx | 0;,€)P(6; | € (4.14)

i=1

Up to this point, the decision at the i** stage can be made by comparing
the expected utility of experiment e with that of the best course of action a*
determined without performing the test. That is, if U(e | €) > U(a* | ),
test e is preferred to a*, and the decision process continues. In this case, the
future decision at the (i + 1)t stage will be made according to the result of
experiment e. Otherwise, if U(e | €) < U(a* | €), it is not worth conducting e

to gather more data, and the decision is to take a*.

Instead of using the expected utility of an experiment, a different approach also

widely used in multi-stage decision-making is to compare the expected utility
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of a piece of information with that of a*. For this purpose, given a decision
problem with courses of action A = [ay,4a3," -+, an], and possible consequences
O = [01,0,,---,0,] for each a;, the best action a* in A at the i*h stage can
be firstly identified as the one which has the highest expected utility using
the information ¢, i.e. U(a* | €) = E}gﬁ([f](a; | €)]. Since the evaluation of
the consequences of an action usually involves a number of variables, it is
assumed here that each consequence 0; is dependent upon a set of variables
X = (X1,X3,--+,Xm), among which those unknown are treated randomly
with the probability distribution denoted by {z;}. If there is a test e which
can reveal pertinent information on Xj, the distribution of X; is updated, and
consequently an improved decision can be made using the updated {z;}. To
do this, the question is then which variable among X is so valuable that the
expected utility of searching more data on it is higher than that of a*. For
this purpose, assuming that the true value of X; can be obtained from an
experiment e at the cost Ci;, the probability of the consequence 8; is then
updated from P(8; | €) to P(8; | z;,€) where z; is the assumed true value of
X;. The expected utility of spending C;, to gather this information on X; is
evaluated by:

U(Cyi | €) = /X U(a | i, {ai | €} (4.15)
where U(a* | z;,€) is the expected utility of a* using the prior knowledge €
together with z;, i.e. U(a* | z;,¢) = max U(a; | z:,€); in which U(a; | i, €) can
be evaluated in a routine manner:

(7((1]' | :II,',G) S Z U(aj,Ok)P(ek | Tiy 6) (4.16)
8,€0

With the expected utility of gathering information on X; thus evaluated, the
transition of the decision process from stage ¢ to 7 + 1 can be easily decided,
i.e. if U(Cy, | €) is larger than the expected utility of a*, we should design and
carry out an appropriate test program which can result in particular data on

X;.
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Actually by evaluating U(C,, | €) for all i = 1,2,---,m, the most valuable
variable X* in X can be found by U(C, | €) = _max [U(Ce; | €)]. However,
it is usually difficult to identify X* because of large amount of computation

required.

Theoretically, this approach can also be used to determine whether it is worth
gathering new information on more than one variables X; - - - X} simultaneously
by considering the probability P(8; | z;---zy,€) and the joint distribution

{zi- -z}

Approaches based on the value of information as reviewed above are the basis
of multi-stage decision analysis. However, both of these two methods have the
same shortcoming: in order to find the optimal test, computations involving an
extremely large decision tree is needed. Therefore, application of the approach

to real problem-solving is limited.

In approaches discussed above, all decisions are made using the expected
value/utility criterion. In practice, there exist many other rules which can
be adopted depending upon the specific problem at hand. In the next section,
several commonly used decision rules as well as disadvantages of the expected

value/utility criterion are discussed.

4.2.6 Different Decision Rules

Expected value/utility criterion has been most widely used in decision analysis.
In the case of decision-making under risk, this is a very useful and meaningful
criterion. However, its shortcomings are obvious. Since decisions made using
this rule can not guarantee a good result, in an important decision situation,
the approach may lead to severe consequences for the decision maker if the
worst outcome of the selected action unfortunately occurs. On the other hand,

the expected value/utility criterion only considers the mean value, and ignores
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the other properties of probability distributions such as deviation. This may
result in an irational decision. For example, in the decision problem illustrated
in Fig. 4.3, a; and a; are two courses of action available to the decision maker,
and each of them has three possible consequences denoted by z%(1), z2(2),
and z%(3) respectively. The utility of each consequence and related probability
are represented by the bar chart in the figure. The expected utilities of a; and
ay are E(a;) = 61 and E(a;) = 56 respectively. Using the expected utility
criterion, apparently a, is preferred to a;. However, it is reasonable to assume
that many decision makers would choose a; instead of a; if they are averse to

risk, because the consequences of a; have less deviation than that of a;.

a E(a,) = 61
L’ 2'(2 ) ( l)
50
gu Il Ia?-?)
ay
3 T(1)
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| I . _—
(/] 25 50 78 100  Outcome(Utility)
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3 x (2)
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Figure 4.3: An Illustration of the Range of Outcomes

Due to the inadequacy of the expected utility criterion, a number of other
decision rules are also widely adopted in practice. One of these is the so-called

Maximin rule, which tends to select the course of action a* whose possible min-

Y

imum value is the greatest among all available courses of action, i.e. (according
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to Fig. 4.1 on page 127):
U(a*) = max{min[U(a;, 6;)]} (4.17)
' 3

This rule is usually used by conservative or pessimistic decision makers. For
example, it may be appropriate in structural assessment when the decision

maker wishes to avoid a catastrophe at all costs.

In contrast to the conservative decision maker, optimistic decision makers usu-
ally hope that the uncertain future develops favourably for them, and hence
try to select the course of action a* whose possible maximum value is larger

than that of any others, i.e. :

U(a*) = m?x{m;ja.x[U(a.-, 6,)]} (4.18)

and this is called Maximax rule.

e e
The disadvantage of both the Maximin and Maximax criteria is that they o »t'«/"

rely on extreme utilities or values, and this can lead to over conservative or
over risky. Nevertheless, these rules are still very useful in some situations,

especially when the decision is to be made under uncertainty.

For decision-making under uncertainty, there exist another criterion which is to
assign the most unbiased probabilities for all possible outcomes and change the
problem into decision-making under risk. Logically, the most unbiased judge-
ment without any information on the chance of occurrence of consequences
is that all outcomes have equal probability of occurrence (Jaynes, 1968), i.e.
P(6;) = 1/n, where 0; denotes the j*» outcome of n possible outcomes. The
expected utility principle can then be used to choose the alternative which has

the highest expected utility:

U(a") = max(> il Ulas, 6;)} (4.19)

These decision criteria represent most of those commonly used in practice.
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Statistical decision theory has thus been briefly reviewed. While decision the-
ory has been successfully applied in fields such as medical science (Ginsberg
et al. 1968; Betaque and Gorry, 1977), economics (Keeney and Raiffa, 1976),
its application in solving civil engineering problems can also be found in the
literature. In the next section, previous work relevant to decision-making in

structural assessment is briefly discussed.

4.3 Decision Analysis in Relevant Engineer-

ing Problems

There are a large number of applications of decision theory in engineering
problem-solving. Of these approaches, however, very limited work on dealing
with structural defects of existing concrete structures has been found in the
literature. For this reason, the review in this section contains only a few

applications which are more or less relevant to our problem.

Folayan, Hoeg and Benjamin (1970) employed decision theory to study the
problem of foundation settlement. The amount of settlement was considered
as a function of a set of deterministic quantities as well as a random variable
which represents the soil property. The probability distribution of this ran-
dom variable is firstly estimated by an experienced engineer, and then updated
through Bayes’ theorem using sampling data obtained from further testing.
The decision to be made is how many samples are needed to make a good
prediction of the settlement. For this purpose, a utility loss function was de-
fined as a quadratic curve of the prediction error €, which is the difference
between the calculated settlement and the true settlement. The optimal num-
ber of samples is obtained by minimizing the expected loss through a simple

optimization procedure.
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In a similar study, decision tree analysis is employed by Wu (1974) to decide
whether sample testing is worth being conducted to explore soil properties for
improving the prediction of foundation settlement and slope stability, in which

a cost function was used in lieu of utility values.

In addition to the unidimensional decision analysis, in which the consequence
of an action is represented by a single parameter, Nessim and Jordaan (1989)
applied multi-dimensional approach to study error-control in structural design.
For this purpose, probabilistic models are firstly developed for estimating the
error content in a structure after the application of a checking strategy with
given efficiency. The error content is then related to structural safety and ser-
viceability through relevant structural analysis. Consequences of a course of
action in structural design are represented by a set of attributes such as total
cost, number of deaths and injuries in case of structural failure. The utility
function is assessed over these attributes. The expected utility given an ef-
ficiency of quality control are next evaluated, and the best level of efficiency
is obtained when the expected utility reaches the highest value. However, in
order to calculate the expected utility it is necessary to assess the joint prob-
ability distribution over those involved attributes, and this is usually difficult

in practice.

To study the maintenance and repair related problems of existing concrete
structures, Warner and Kay (1983) have made a pioneering attempt to apply
the decision theory. However, as already mentioned in Chapter 1 on Page 19,
their approach lacks a great deal of details needed to implement the proposed

procedure.
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4.4 Summary on This Review

Probabilistic decision theory provides a good framework for consistently mak-
ing choices from alternatives according to the decision maker’s preferences,
even when the consequences of courses of action can not be predicted with
certainty. With the use of utility values, the decision maker’s attitude to-
ward risks can be considered in the decision-making. Since risks regarding
the occurrence of various bad consequences are explicitly expressed in terms of
probabilities, the decision maker can have a clear understanding of the risk sce-
narios to be faced. It is therefore potentially very helpful to use decision theory
in the treatment of existing concrete. structures, especially when involved risks

of having severe consequences are high in choosing courses of action.

Although decision theory has been extensively applied to engineering as well
as other areas, a systematic approach particularly suitable for dealing with
existing concrete structures has not yet been available. Such a method is to
be developed in the next section, by use of which questions such as what to
do about a given defective concrete building can be answered rationally using

results of diagnosis and condition evaluation obtained from previous chapters.

4.5 A Method of Decision-making for Deal-
ing With Structural Defects

4.5.1 Introduction

We shall be concerned with a decision-making situation in which the engi-
neer and the owner of the structure work together to decide on how to handle

problems in an existing concrete building. When a building shows noticeable
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anomalies, the engineer is usually called upon by the owner of the structure to
carry out an assessment and to advise on possible remedies. A final decision
on adopting a course of action is to be made based on the owner’s require-
ments and financial resources with references to the condition of the structure.
Therefore, the owner of the structure will be considered here as the decision
maker, whose preferences on different choices are to be used in the decision-
making, and the engineer serves as the decision analyst who is responsible
for carrying out relevant analysis required for making such choice, and advising

the decision maker of technical options available, etc.

In dealing with potentially defective concrete buildings, decisions to be made
usually include answers to questions such as “is any repair action needed ?7”,
“what is the best action to cure the problem ?” Although different people
have their own ways to find out satisfactory solutions, the primary principle
probably adopted by most decision makers is to minimize the incurred cost
while trying to satisfy various requirements for the structure. In other words,
when a number of courses of action have been identified by the engineer, the
problem is to choose one alternative which can best satisfy the abovementioned
principle. For this purpose, the principle to be adopted for a given problem is
usually defined in terms of a set of objectives which are to be achieved in the
decision-making. The identification of relevant objectives for our problem are

discussed in the next section.

4.5.2 Identification of Objectives and Their Associated
Attributes

It is usually up to the decision maker to specify a set of objectives. However, in
solving real problems, the decision analyst and the decision maker have to work
closely together so that the decision maker clearly understands the essential

features of the problem, and all important aspects are taken into account
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in determining the objectives. For dealing with existing concrete buildings,
although objectives tend to vary with different concerns from the owner, the

following four objectives are suggested for most problems:

1. to provide adequate structural safety;
2. to provide adequate structural serviceability;
3. to provide adequate structural durability;

4. to minimize the cost of achieving the first three objectives.

Of course for specific problems, relevant objectives other than those listed can
be included if necessary. On the other hand, some items in the list may be

dropped off.

To assess the degree to which a particular objective is satisfied by a course of
action, each objective is associated with an attribute which has values. An
objective can then be assessed using the value of its associated attribute. For
example, the objective “to minimize the total cost” can be assessed according
to its attribute Xr¢ in terms of “dollars”, where X7¢ represents the total cost.

Obviously, the value of Xz in this case is a real number.

To define an appropriate attribute for an objective, it is important to ensure
that the attribute is measurable and comprehensive (Keeney and Raiffa, 1976).
An attribute is measurable if it is possible to obtain a joint probability distri-
bution over its range of values. An attribute js comprehensive if, by knowing a
Particular value of the attribute, the decision maker has a clear understanding

of the extent to which the associated objective is achieved.

Considering these two requirements, the objective “to provide adequate safety”
will now be associated with an attribute X F which is a discrete linguistic
variable with four possible values: z 7(1)=“safe”, ¢ £(2)="negligibly defective”,

zs(3)=“moderately defective” and z f(4)="“severely defective”. For a given
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structure and a specific ultimate limit state, these four values can be obtained
from the safety assessment procedure described in Section 3.7.2 of Chapter 3,
and the interpretation is the same as before. Apparently any value of Xp
is a clear indicator of the safety condition of the structure either before or
after a course of action is taken. The probability distribution of Xr can also
be estimated from the result of condition evaluation. Therefore, X is both

comprehensive and measurable.

The second objective “to provide adequate serviceability” can be treated in a
similar way. Using the results of serviceability assessment described in Sec-
tion 3.8, an attribute X5 is defined for this objective, which is a linguistic

variable with two values: z,(1)="“satisfactory” and z,(2)=“inadequate”.

The objective “to provide adequate durability” is measured in terms of an
attribute Xp which takes the values of the satisfactory period defined in dura-
bility assessment in Section 3.9, i.e. z4(1)=“5 years”, z4(2)=“15 years”, and
z4(3)="“20 years”. For example, z4(1)="5 years” means that the structure will
perform satisfactorily for at least 5 years regarding the concerned durability

problem.

The last objective “to minimize the total cost” can be measured by the attribute
Xc in “dollars”, which represents all costs incurred in the process of structural

assessment, i.e. :

Xe=Cr+Cr+C, (4.20)

in which C; and Cg denote the cosfs incurred by the investigation (e.g. di-
agnosis, experiments) and repair respectively; Cr represents the cost which is
equivalent to the profit loss due to any inconvenience to normal business caused
by any action involved in the assessment and/or repair process. Obviously, X¢

1s a continuous real number.
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In summary, relevant objectives and their associated attributes for making
decisions regarding the treatment of existing concrete buildings have been de-
fined, and are shown schematically in Fig. 4.4, where objectives are presented

in those boxes, and the mathematical symbols under each box are related

attributes.
Objectives In
Dealing With An Existing Concrete Building
! \ |
To Provide To Provide To Provide Minimize Cost
Adequate Safety| [Adequate serviceability | |Adequate Durability DURIEE =03
Xr Xs XD XC

Figure 4.4: Objectives and Associated Attributes

Any individual objective measured in terms of its attribute as defined above
can only cover one aspect of the decision maker’s concern. Consequently,
a particular value of an attribute only indicates how well the single related
objective is satisfied. To assess the degree to which all interested objectives
are satisfied by executing a course of action, it is necessary to combine the
values of the four attributes together to form an overall indicator which is

called the consequence. This will be discussed next.

4.5.3 The Consequence Space

Since any consequence is the result of a course of action, a specific consequence
of an action a; is denoted by z*. The value of z% is expressed in terms of the
four attributes obtained in the last section. For example, if the action «; is to
“strengthen the structure” which totally costs 100 000 dollars (including the

cost of assessment and other fees), and it is assessed that the structure will
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be “safe”, “satisfactory” regarding the safety and serviceability performance
respectively, and “will satisfactorily last about 15 years” in regard to the iden-
tified durability problem, the consequence of a; is then represented by z% = |
“safe”, “satisfactory”, “15 years”, 100,000 ]. In this case, the value of each

attribute is known with certainty, and hence the consequence 2% is determined

as a single point in the consequence space.

However, when uncertainties are involved in evaluating the attributes, all pos-
sible consequences have to be considered. For this purpose, the consequence
space of a course of action a;, denoted by X*, can be obtained by combin-
ing all possible values of the four attributes of a;, i.e. X% = X7 x Xg' X
X x Xg, where X = [23(1), 23(2), 25(3), 2§ (4)], X§ = [z2:(1), z2:(2)),
X5 = [z5(1),z5(2),z3(3)] and =% € X& C R, R is the set of real numbers.

In many cases, the number of dimensions of the consequence space can be
reduced, depending on the specific problem. For example, after the condition
survey and preliminary assessment of a concrete structure, if it can be judged
that there will be no durability problem for a long period of time, the attribute
Xp can then be eliminated from X, and the consequence space is reduced to

X=XFXX3XXO.

It has to be pointed out that consequences can be defined in many different
ways, depending on how the objectives and their attributes are specified. For
example, many objectives can usually be further broken down into a set of
more detailed sub-objectives, and the consequences are in turn represented
by the attributes of these sub-objectives. However, the number of dimensions
in the consequence space resulting from this specification will be very large,
and it is therefore very difficult to handle the large set of consequences in the
utility and probability assessment to be discussed later. For this reason, the
consequence space defined in this section aims at being as practical as possible

on the one hand, and as comprehensive as possible on the other.
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In order to compare two courses of action in terms of their consequences,
it is convenient to rank or scale all possible consequences according to the
decision maker’s preferences. If numerical values can be used for the ranking,
this comparison can be made with mathematical expressions. As discussed
previously in Section 4.2.2, utility is a very meaningful tool for this purpose,
which can represent not only the decision maker’s preferences on different
consequences, but also the attitude toward risks, and hence will be adopted in
this work. In the next section, a method for assessing utility values over the

defined consequence space is described.

4.5.4 Assessment of Utility Values

Utility values of various consequences can be assessed by asking the decision
maker relevant questions in a well-designed procedure. For the problem con-
sidered in this thesis, utilities have to be assessed over the entire consequence

space X = Xr X Xs X Xp x X¢.

Utility values defined on a unidimensional consequence space can be easily
assessed using the standard lottery-based method (Raiffa, 1970). For this
purpose, if a lottery L yields consequences zi,z3, -+, z, with probabilities
P1,P2,**, Pn Tespectively, the certainty equivalent of L is defined as a con-
sequence z* such that the decision maker is indifferent between the lottery L
and the certainty of z*. Therefore, the utility of z* equals the expected utility
of this lottery, i.e. :

U(z") U(L) Zp,U(:z: (4.21)
where U(z;) is the utility of the single consequence z;.
Based on the concept of certainty equivalent, unidimensional utilities can be

evaluated in a routine manner. To do this, let Y = (y1,y3, -, ym) be discrete

unidimensional consequences, and y;,y, be the least preferred and the most



Chapter 4: Decision-making 153

preferred consequences, respectively. Since utility values are relative, we can
arbitrarily assign utilities to y; and ym, e.g. U(y1) = 0 and U(y,) = 1. To
assess the utility of other consequences in Y, say y*, a lottery (ym,p, Y1),
yielding a p chance for y,, and 1 — p chance for y, is firstly designed. If we
can find a value between 0 and 1 for p such that y* is the certainty equivalent
of (Ym,p,41), i.e. we are indifferent between y* for certain and the lottery

(Ym, P> ¥1), the utility of y* can be obtained as:
Uy*) =pU(ym) + (1 —p)U(11) = p (4.22)

This is schematically illustrated in Fig. 4.5. By applying the same procedure,
utilities of all consequences in Y can be determined. If Y is continuous, the
assessed utility values can be approximately fitted to a curve or a function

denoted by U(y). The above procedure may be called direct method.

u(y)
A

1 )

p I —

0 | .
Y, Y Yo Y

Figure 4.5: Illustration of Unidimensional Utility Assessment

However, to assess multi-dimensional utilities, the direct method is generally
not suitable, and more comprehensive approaches such as that proposed by
Keeney based on the concept of utility independence may have to be employed
(Keeney, 1972; 1973; 1974; Keeney and Raiffa, 1976). Fortunately, due to
the feature of the consequence space defined in this thesis, the assessment of
the multi-dimensional utilities on Xr X Xs X Xp X X can be simplified to
a unidimensional utility estimation, and carried out using the direct method

just described.
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For this purpose, let us consider the four attributes in the consequence space
X = Xr x Xs x Xp x X¢o. The first three attributes are discrete variables
with very limited numbers of possible values; however, X is continuous and
represents the total cost in terms of dollars. Therefore, the possible combina-
tions of Xr x Xs x Xp will produce a limited number of elements, and can be
represented by a finite set denoted by Y. For example, in a decision problem,
if these three attributes — safety (Xr), serviceability (Xs) and durability (Xp)
— are all relevant, the maximum number of combinations from Xz x Xg x Xp
is 4 X 2 x 3 = 24. In many cases, if not all these three attributes have to
be considered, the dimension of ¥ can be reduced, and consequently the total

elements in Y could be much smaller than 24.

Having Xr x Xs x Xp represented by Y with a limited number of discrete
elements, the original four dimensional consequence space X = Xrx Xgx X DX
Xc isreduced to X = Y x X with two dimensions. Thus for a fixed value in Y,
say y*, the utilities on y* X X¢ can be fully described by a unidimensional utility
function defined on the continuous variable X¢ conditional on y*, i.e. U (z¢,y*),
where z. € X¢. The utility over the whole space X can be represented by a set
of such conditional unidimensional utility functions as schematically illustrated

in Fig. 4.6.

Obviously if there are n elements in Y., there will be n conditional utility
functions available, i.e. U(z., 1), U(zc,¥2), -+, U(2c,yn). An important point

is that these functions can be easily assessed using the direct method.

To do this, the possible maximum and minimum values of the attribute X¢
have to be identified first, and denoted by Zcmaz, Temin respectively. Utility
values on the consequences formed by Y x 2z and Y x Temin, 1.€. those points
marked by small circles and triangles in Fig. 4.6, are then assessed simply from
the direct method. For a fixed value of Y, say y*, the certainty equivalent of

any point between [Tomin, ¥*] and [Temaz, y*], say [29,3*], can be found as the
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Figure 4.6: Illustration of Utilities Over the Consequence Space

lottery ((zemin, ¥*), P, (Temaz, ¥*))- The utility of this point can be obtained by
U(xga y*) =p U(zcmin'a y*) + (1 - p) : U(wcmazy y*) (423)

By assessing utilities on a set of points between [Zimin,y*] and [Zemaz, ¥*], 2

curve or a function denoted by U(z.,y*) can be obtained approximately.

In this way, the utilities over the multi-dimensional consequence space X =
XFr X Xg X Xp x X¢ have been simplified to assess a set of unidimensional

utility functions conditional on Y, using the simple direct method.

Up to this point, relevant objectives and their associated attributes have been
defined specifically for making decisions in the treatment of existing concrete
buildings. Using these attributes, possible consequences of any course of action
can be defined and measured in terms of utilities. Thus we have completed
the preparation for choosing a course of action from a set of alternatives which

can be created using the procedure described in the next section.
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4.5.5 Creating Courses of Action
Although specific courses of action for different problems are not necessarily

the same, the following broad categories cover most of those common courses

of action to be considered in practice (Warner and Kay, 1983):

do nothing, on the judgement that the structure will be able to satisfy

all relevant requirements;

e monitor the structure in service, in order to check more carefully on

adequacy of performance and any deterioration;

e undertake repair or corrective work which maintain the structure in ser-

vice;

o undertake repair or corrective work after taking it temporarily out of

service;

e take the structure out of service with the possibility of demolition and

reconstruction.

Superficially, by modifying and amplifying this list, a set of courses of action
for a particular problem can be identified. Since decision theory is basically
nothing but a tool to aid the decision maker to choose one alternative from a set
of candidates in a rational way, clearly, the set of candidates thus created has to
be complete so that all potential effective courses of action can be considered in
making the choice. However, the creation of such a complete set of candidates
is not always practical. Each course of action itself is usually not necessarily
an independent entity, and may be divided further into smaller parts. Various
combinations of these parts can in turn produce a large number of valid courses
of action which will make the decision tree extremely large. Consequently, the

decision analysis becomes too complicated for practical purpose. The set of
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alternatives therefore has to be kept as small as possible, and at the same time
has to contain all potentially good actions. For convenience, such a set will be
called the effective set in this thesis. The procedure described below can be
used as a guide to create the effective set of actions in dealing with existing

concrete structures.

Considering an existing building with a set of anomalies identified, possible
methods for remedy are usually determined following the results of diagnosis
and condition evaluation. If the explanations of the observed anomalies are
confirmed, it must be possible to plan appropriate courses of action for the
defects, unless current technology is incapable of doing so. Since the diagnostic
result is represented by a set of hypotheses H = (Hy, H,, - - -, H,), for each H;,
the engineer can design a set of relevant courses of action A; which can cure
the defects explained by H;. If we can identify a course of action a; from A;
such that a; is the best in A; regarding factors such as costs, effectiveness,
availability of materials, a; could be used as the effective alternative for H;.
Suppose we can identify such an effective option for each hypothesis in H, then
the effective set is obtained as A = (a1,a3,--,a,). Theoretically, there are
n elements in A thus created. In this way, the total number of actions to be
considered in the decision analysis is greatly reduced, while the completeness

remains.

It has to be mentioned that sometimes an hypothesis may have more than one
effective alternatives. For example,-if H; = “bad environmental conditions”,
and the observed anomaly is “corrosion of reinforcement”, there are two op-
tions available: a;(1) = “repair immediately”, a;(2) = “regular maintenance”.
Since it is difficult to compare these two actions by subjective judgement with-
out detailed decision analysis, both a;(1) and a;(2) have to be considered as
effective options for H;. Therefore, the creation of the effective set of options

A is closely related to the explanations contained in the hypothesis set H.
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The effective set of alternatives created in this way is dynamic in the sense
that A has to be re-generated at each stage of the multi-stage decision-making
process, because the hypothesis set H itself is updated regularly. The iterative
nature of the decision-making process will be shown later in section 4.5.7. The
dynamic property of A will improve the efficiency of decision-making, and help

to avoid missing any best course of action in making the final decision.

However, the effective set A only contains the kind of actions regarding re-
pair/maintenance activities. Actions of other kinds, such as conduct ezper-
iment or wait and see, also have to be considered in any rational decision-
making. Such actions can be added to the set A in the multi-stage decision-

making whenever it is necessary, since A is modified at each stage.

After courses of action have been created, it is now possible to choose an

alternative from A through a simple decision analysis.

4.5.6 Single-stage Decision-making

In order to choose an alternative from the effective set of actions A = (a1, as,- -, a,),
it is necessary to compare the utilities of each course of action. Since utilities
are previously defined on the consequence space, the possible consequences of
every a; € A haveto be specified first. For this purpose, a decision tree is shown
in Fig. 4.7 in which H; is the :** hypothesis in H, and X = Xr x Xsx Xp X X¢
represents the consequence space. As defined in Section 4.5.2, Xr, Xs, Xp
and X¢ are attributes regarding structural safety, serviceability, durability
and the total cost respectively. X has four possible values: z;(1) = safe,
z4(2) = negligibly defective, 4(3) = moderately defective and z(4) =
severely defective; Xs has two: z,(1) = satisfactory, z,(2) = inadequate;
Xp is measured in terms of the satisfactory period, and has been classified

into z4(1) = 5 years, z4(2) = 15 years and z4(3) = 20 years. Finally, X¢ is
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a continuous real number. These attributes are assessed conditional on a hy-
pothesis H; € H for a given course of action. In other words, for an hypothesis
H; and an alternative a;, the values of the four attributes can be determin-
istically obtained and denoted by z%iy , Zyln,» Tam, and T iy, respectively.
Therefore, the consequence of course of action «; is determined if the hypoth-
esis H; is known, and can be represented by Ty, = [z‘}'l'Hj, Toin,» w;ij,x;‘I"}{j],
e.g. [4(3),2:(2), 24(3), z7{g,]. The utility of any consequence is then denoted
by U (a:i‘,',J), and can be obtained from the utility functions (curves) already

assessed.

| I I |
: A | . =
| | (H: ,Hs, JHax ) | XrXsXoXc |
| I I |
P(Hy) T,

ar =

D az Hz ® P(H") as
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T

Figure 4.7: The Decision Tree for Single-stage Decision-making

It should be noted that the presence of the hypothesis set H in the decision
tree is not totally necessary. However, the inclusion of H makes it easier to
understand the procedure of evaluating expected utilities of each course of
action to be described below. This also models the intuitive thought of the

engineers in this selection.
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Using these notations and from Fig. 4.7, the expected utility of each course of
action can be evaluated easily by:
n
(@) = Y- UGely) - PUL) (4.24)
where the bar “-” denotes the expectation, and P(H;) is the subjective proba-
bility of the hypothesis H;, which can be obtained from the result of diagnosis
in advance. At this stage, the best decision is to choose the course of action

a* which maximizes the expected utility over A, i.e.:

U(a*) = max| U(a) ] (4.25)

The decision thus made has used the ezpected value criterion. This rule is
used because it is a very meaningful tool in decision-making under risk, and
has been widely accepted in practice. However, due to its shortcomings, some
practical modifications are made to this principle in making the final decision,

and this will be discussed in Sections 4.5.7 and 4.5.8.

It is also to note that the course of action a* chosen from Eq. 4.25 is the best
among A only according to the information currently available. Therefore,
it does not necessarily mean that a* is the real best action and should be
executed without further consideration. In reality, information can be gathered
in sequence at different stages of the assessment process, and often a good
decision can be made using a multi-stage decision process. This is described

in the next section.

4.5.7 Multi-stage Decision-making

In dealing with existing structures, decision-making is a multi-stage process
in the sense that when new information is available, related diagnosis and

condition evaluation have to be updated, and consequently the choice of a
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course of action needs to be reviewed. For this purpose, the procedure for
single-stage decision-making is perfectly suitable for making the choice within
one cycle. However, to decide whether the process should continue or not, a

number of tasks have to be fulfilled at the beginning of each stage.

Firstly, the effective set of alternatives A obtained in the previous stage need
to be updated using the new information available. Secondly, since the effec-
tive set contains the kind of actions only regarding repair and maintenance,
alternatives of other kinds such as “postpone the decision-making, and closely
monitor the structure”, have to be added to A. Thirdly, a set of feasible tests

need to be worked out for information-gathering purposes.

With the updated courses of action A and feasible tests T', a decision usually
has to be made on whether to stop the process by choosing an alternative from
A using the information currently available or to acquire more information
by conducting an experiment in 7. The problem can be represented by the
decision tree shown in Fig. 4.8 where t,,t3,- - ,t,, are feasible candidates of
tests, and Oy, 0., --,0; are possible outcomes of ¢;. All other symbols have
the same meanings as in Fig. 4.7. Theoretically, the complete decision tree
should include all future stages, and therefore is usually very large as can be
seen from Fig. 4.8. At the i** stage, a best course of action a* can be firstly
chosen from A in such a way that the expected utility of a* is the largest
among all members in A using the information available up to date. If the
expected utility of each test in T = (¢4, 12, -+, ;) is now calculated, and if the
expected utility of the best test t* is larger than that of a*, then the decision
is to take test t*. After ¢* is carried out, a further decision will be made at
the (i + 1)* stage using the new information resulting from the outcomes of
t*, and the process continues. If this is the case, the decision made at the st
stage is referred to as intermediate decision. Otherwise, if no such test ¢* can
be found, which means a* is preferred to any test in 7', the decision is to choose

a*, and the decision-making process terminates. Thus a* is called a terminal
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decision.

Figure 4.8: A Multi-stage Decision Tree

However, evaluating the expected utility of every test in 7' could be very te-
dious. Since any combination of different elements in T can also be valid test
candidates, the number of tests to be considered can be theoretically very
large, and this makes the above approach impractical. For this reason, in lieu
of applying the routine decision-making procedure, a more practical approach
is proposed here, in which the decision analyst, i.e. the engineer, subjectively
selects the next test. Specifically, at the ith stage, the decision analyst starts
with calculating the expected utility of only a single test t; which has been
selected from T based on experience by considering factors such as “cost”,
“usefulness of possible outcomes”. If the calculated {7 (t;) is greater than that
of a*, this test is then taken as the intermediate decision without evaluating
expected utilities of other candidate tests in T , and the decision-making pro-
cess moves to the next stage. Otherwise, it is necessary to select another test
and evaluate its expected utility. If all tests in 7 have been tried, and the con-

dition U(t;) > U(a*) is not satisfied, a* may be taken as the terminal decision,
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and the process stops. This procedure will be called the step-by-step approach

in the rest of this thesis.

Since the multi-stage decision tree is usually very large, it is extremely tedious
to calculate the expected utility of a test from the entire tree. In the eval-
uation of expected utilities in the above step-by-step approach at any stage,
consequences of tests contained in the child-branches in the decision tree are
therefore ignored as a practical measure. For example, in Fig. 4.8, the evalua-
tion of expected utilities of any test at the i** stage only considers the part of

the decision tree contained in the dashed square.

Using the step-by-step approach, the best course of action a* at any stage can
be identified from the candidate set A using the information available at the
time, and the decision-making process advances to the next stage if a test ¢*
is adopted by the decision maker. The ideal case is that this process continues
until sufficient information is gathered so that the true hypothesis H* can be
identified. In reality, however, the information-gathering process may stop

much earlier if:

1. there is no such test t* € T whose expected utility is larger than

that of a* € A; or

2. it is impossible to continue the information-gathering process due

to reasons such as financial, political factors; or

3. the decision maker prefers to take a terminating course of action

right now.

If this is the case, the question is then “is it rational to take a* as the terminal
decision ?” To answer this question, the risk implied by a* has to be explicitly
estimated. In our problem, the risk involved in a decision is closely related
to the diagnostic result. If the probability of the most likely hypothesis H*

reaches the acceptable probability value PH, as defined in Section 2.4.8 of
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Chapter 2, i.e. P(H*) > PH, H* can be considered acceptable. Under such
circumstance, other hypotheses in H can be ignored with acceptable risk, and
the decision can be made with regard to only H*. Therefore, by carrying out
the prognosis regarding the structure’s future behaviour conditional on H* and

a*, the terminating decision can be determined in the following way:

e if various structural requirements can be satisfied by executing a*, the
decision is to take a*, and the multi-stage process terminates; Otherwise,
it is necessary to design a set of feasible courses of action A* which
are specifically suitable for curing problems caused by H*. Because the
situation in this case is decision-making under certainty, the final decision
is to choose action a* from A* such that a* is the cheapest among those

that can meet the relevant structural requirements.

However, if the information at this stage is insufficient to identify such an
acceptable hypothesis H*, the consequences of a* can not be obtained with
certainty, and have to be evaluated conditional on all elements in H. Therefore,
the choice of any action will lead to unavoidable risks of bad consequences.
Logically, a* simply can not be taken as the terminal decision if the involved
risk of catastrophic consequence such as structural collapse is unacceptably
high. On the other hand, if the risk of structural failure is acceptable to the
decision maker, but not acceptable to the public community, a* can not be
taken as the terminal decision either, because the disastrous consequence will
be faced not only by the owner but also by the engineer and the community.
Therefore, the risk related to a* regarding the severe consequences has to be

acceptable to all parties involved if a* is taken as the terminal decision.

In choosing a course of action, consequences of having a dangerous structure
can be very severe, and hence related risk has to be limited. This risk implied
by course of action a* will be explicitly evaluated and controlled through a

procedure to be proposed in the next section.
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4.5.8 Risk Control for Making a Terminal Decision

The risk of having a dangerous structure after a* is taken can be evaluated
with the help of a partial decision-tree shown in Fig. 4.9 (a), in which H; is the
ith valid hypothesis in H at the stage a* is obtained; z;l.H.- is the value of safety
attribute Xy evaluated conditional on H; for course of action a*. P(H;) is

the subjective probability of the hypothesis Hj, obtained from the diagnostic

procedure.
a
w)— Lriay
o Pmg, My o
: ® xf |He
Vi~ &
L1ins

(a) (6)

Figure 4.9: Possible Consequences of a* Regarding Structural Safety

As defined in section 4.5.2, zﬁH', has four possible values, i.e. m‘}l‘Hl,(l) S
safe, z%y,(2) = negligibly defective, z%,(3) = moderately defective and
m;IHi(LL) = severely defective, which can be assessed from either experi-
ence or the calculated reliability index ﬂrf;." using the procedure described in
Section 3.7.2 of Chapter 3. If we define here that consequences x?l'H.,(4) =
severely defective and :c‘};HI,(B) = moderately defective imply that “the
structure is dangerous”, these four values can be lumped into two, i.e. O =
x4, (4) U %5,(3) indicating potential failure, and Os = z%y,(1) U z%15,(2)
indicating non-failure. In this way, the possible consequences of the course of
action a* regarding the safety attribute can be fully represented by the two
outcomes denoted by Or and Os. This is illustrated in Fig. 4.9 (b), where P*

is the probability of the outcome OF after a* is taken, and can be evaluated
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by
P* =) P(H;) F(z%y,) (4.26)

1=1

in which F(2%;,) is a function which takes 1 when 2%y, € Op, and is 0 if
z;I.H.- € Os. This P* can then be interpreted as “the subjective probability
that the structure will be dangerous according to the current practice,” and
hence represents the risk of a*. It has to be pointed out that P* obtained here
is different from the failure probability defined in structural reliability theory.

Due to the reasons discussed in the last section, this risk P* must be controlled
if a* is to be taken as the terminal decision. For this purpose, an acceptable
value of P* has to be determined. In the diagnosis, the engineer adopts a value
of P‘ﬁpt to accept a hypothesis. This implies that a risk of 1 — Pfc’pt of making
wrong decisions is acceptable. If there is no other suitable value available, the
probability 1 — ngt will be used as the acceptable risk level. In other words,

the calculated risk P* has to be not higher than 1 — P¥ , for the terminal

acpt

decision.

With P* and 1 — P/, thus determined, we can now continue the multi-stage
decision-making following the last section. At the stage where further testing
is impractical, the risk P* of course of action a* has to be evaluated first. If

P*<1-pPH

acpts @° can be taken as the terminal decision, and the decision-

making process stops. Otherwise, if the safety requirement is not met by a*, it
means that none of the actions in the candidate set A is satisfactory to both
the engineer and the owner simultaneously, because a* is determined using

the owner’s utilities, and 1 — PH _ is specified by the engineer. However, as

acpt
mentioned in Section 4.5.5, although set A is representative, it is incomplete.
In other words, it is still possible that a course of action a+ may exist outside
A, which can result in the acceptable risk level and has the expected utility not
less than that of a*. In fact, in multi-attribute decision-making, it is usually

possible to keep the utility unchanged by obtaining gains in one attribute and

sacrificing in others. Therefore, such an action a* might be found by modifying
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the existing course of action in A with more cost spent on reducing the involved
risk of “structural failure”. If such an a* exists, the decision is obviously to
take at, and the process terminates. If there is no such an action available,
then no agreement can be reached between the engineer and the owner at this
stage.”Under such circumstances, in order to carry on the decision-making
process, the owner has to compromise by either doing more tests to acquire
new data or selecting a course of action from A which is not as good as a* in
terms of expected utility but can satisfy the safety requirement. If the owner

is not willing to compromise, the decision-making has to be postponed.

The complete procedure of the multi-stage decision-making process is therefore

summarized as follows:

1. at any stage ¢, a candidate set of courses of action A = (ay, ay, - - - ,Gn)
is firstly obtained by modifying that from the previous stage using
the information available up to date. According to the expected
utilities of each a; € A, a best action a* is identified such that the

expected utility of a* is the largest;

2. if the most likely hypothesis H* satisfies P(H*) > PH

cpt> CAITy out

the prognosis for a* conditional on H*. If relevant structural re-
quirements are satisfied by a*, the terminal decision is to take a*.
Otherwise, re-design a candidate set A* according to H*, and choose
a new a* which is the cheapest among those that can meet the rel-

evant structural requirements;

3. if P(H*) < PH,, and conducting more tests is feasible, choose a test
t* which satisfies U(t*) > U(a*), and the decision-making process
advances to the (1 + 1)* stage;

4. if P(H*) < Pﬂpt, but performing more tests is impractical, due
to whatever reasons, evaluate the risk P* resulting from a* using

Eq. 4.26, and
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(a) if P* < 1 — PH . take a* as the terminal decision, and the

acpt?

process stops;

(b) if P* >1— PH

acpt> Creat a new candidate set A* by designing

actions which obtain gains in the attribute of “structural safety”
but have losses in other attributes such as financial cost. If there
exists an action a* € A* such that the risk implied by a* is

not larger than 1 — PX, and U(a*) > U(a*), the decision is

acpt?
to take at. If at can not be found, the terminal decision can
not be made by satisfying both the decision maker’s preferences
and the risk control policy. Three possibilities then exist: (z)
persuade the owner to adopt a course of action which results in
a satisfactory risk level, at higher cost; (:7) persuade the owner

to conduct further testing, if feasible; (¢7¢) if items ¢ and ¢ can

not apply, the decision-making has to be postponed.

It can be seen from the procedure that the terminal decision is actually made
using both the expected utility criterion and the risk control policy. This
means that the final course of action is chosen by the owner together with the

engineer, and both of them jointly represent the interests of the community.

4.5.9 A Special Case

In a special case when the consequence space X consists of only the attributes
XF (safety) and X¢ (cost), part (b) of step 4 of the multi-stage decision-making

process described in the last section can be further elaborated.

Suppose at stage i, a “best” course of action a* has been identified from A
using the expected utility criterion, but the risk P* is higher than 1 — Pfgpt.
In order to find out how much the decision maker is willing to sacrifice in the

cost attribute to gain in the safety attribute so that the safety requirement
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can be satisfied, assume that an action a* is available, which can result in

the risk of just 1 — PH

acpe- Lhe consequences of at and a* only regarding the

safety attribute are plotted in Fig 4.10, where Of and Os, defined the same
as before, represent consequences “dangerous” and “safe” respectively. Since
only two attributes are considered, utilities of relevant consequences can be
fully represented by U(C,., OF), U(C,., Os), U(Cu+,0F) and U(C,+,05), in
which C. is the cost of (-).

Figure 4.10: Outcomes of Terminal Decisions

With the value of PH

acpt ixed, the expected utility of a* will be determined by

its cost C,+. If Co+ equals such a value that U(a*) = U(a*), i.e. the decision

maker is indifferent between a* and a*, we have

P*-U(Car, OF)+(1=P*)-U(Cu, Os) = P2, -U(Cos, O5)+(1—PX ).U(Cor,, Op).
(4.27)

Because a* has been determined, P* and C,. are fixed terms in Eq. 4.27. A

relationship between the cost C,+ and the acceptable risk 1 — Pfc’pt can be
obtained as:
P"UO ,Cat + 1—1)}'= UO ,Cao —UO ,Ca-g
U(OS, Ca“’)_U(OF) Ca+) = ( i ) ( P?q ( 2 ) ( : I)
acpt
(4.28)

For the known value of PH

acpt> the value of Cy+ which satisfies Eq. 4.28 can
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be found according to relevant utility functions. C,+ thus obtained is a very

useful value. In fact, if there is an action at which can result in a risk not

higher than 1 — PH

acpt» @nd is less expensive than C,+, the decision is to take

at without evaluating its expected utility. Therefore, part (b) of step 4 of the

complete procedure in the last section can be modified for this special case as:

e (b)if P*>1—PH

acpt)

evaluate the value C,+ from Eq. 4.28. If there exist

a course action at such that the Pt is smaller than 1 — PH .. and the

acpl?
cost of a* is lower than C,+, a* is then the terminal decision. Otherwise,
if a* is not available, options (i), (ii) and (iii) listed in the last section

apply.

4.6 Some Comments on the Proposed Method

It has to be mentioned that decisions thus made are not strictly optimal,
because the expected utility is evaluated using the information currently avail-
able, and it is impossible to predict the future with certainty. At the i** stage,
if an optimal decision is to be made using the expected utility criterion, the
complete multi-stage decision tree including all possible outcomes of future
stages have to be considered. This seems too tedious because the evaluation
of relevant expected utilities is a formidable task. Even if the calculations can
be made by a computer, it is likely that the errors involved in predicting a
larger number of probabilities of future outcomes will make the final result

very unreliable.

Alternatively, an optimal decision may be made through an optimization pro-
cedure. In fact, decision-making aims to balance the cost and the risk of
making wrong decisions. As illustrated in Fig. 4.11, the reduction of risk can

only be achieved with more financial cost denoted by C, and the expected cost
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of accepting the risk, Cs, is proportional to the magnitude of the risk itself.
The optimal decision can be made at the risk P,,; when the total cost C, + C;
achieves its minimum value. Unfortunately, those relations in Fig 4.11 can not
be evaluated in practice, and hence the approach is only an idealized model

for the time being.

For these reasons, it seems that it is impractical to search for optimal decision.

Instead, the practical procedure proposed previously is more useful.

Ci
]
0 Risk (Probability)
Cz
0 Risk (Probability)
1 C 1 + Cg
| -
0 Py Risk (Probability)

Figure 4.11: The Relation Between Cost and Risk

4.7 Summary of This Chapter

A multi-stage process for selecting a relevant course of action for an existing

concrete building has been developed from decision theory using the results



Chapter j4: Decision-making 172

of diagnosis and condition evaluation obtained from previous chapters. The
approach is purposefully developed in such a direction that it is practically
applicable, and therefore any probability and mathematics concepts involved

are treated in a simple way.



Chapter 5

The Detailed Process for
Dealing With Defective

Concrete Buildings

5.1 Introduction

In Chapter 1, an overall process of dealing with existing concrete buildings
was proposed and represented by a flow-chart on page 24. In the chart, es-
sential components including methods for diagnosis, condition evaluation and
decision-making were not available at that time. These methods have been de-
veloped in Chapters 2,3 and 4, and it is the purpose of this chapter to establish

an integrated procedure incorporating the results of those chapters.

173
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5.2 The Detailed Process for Dealing With

Existing Defective Buildings

The proposed process is shown in the flow-chart in Fig. 5.1 together with
Fig. 5.2. It is developed from the framework of Fig. 1.4 in Chapter 1, but
contains much more detail. In the chart, the rectangles in solid lines represent
various actions to be executed in the process, and relevant decisions or choices
to be made are included in rhombuses. For convenience, most components of

the chart are numbered.

The process starts with the identification of anomalies through appropriate
means such as site inspection. Information at this stage is then gathered
by means such as interviews with occupants, analysis of inspection results,

searching the design and construction documents.

With the anomalies and information thus obtained, a set of diagnostic hypothe-
ses H = (H,, H,,---, H,) can be created using the explanation tree approach
described in Chapter 2. The method for diagnostic reasoning developed in Sec-
tion 2.4.5 can be employed to rank the hypotheses in terms of their subjective

probabilities.

After this, the process goes to step 5 in Fig 5.1 and an immediate decision 1s
made as to whether urgent action such as evacuating the building is needed to
protect the safety of occupants and contents. If the answer is yes, an urgent
action aZ is selected, and the process moves to the next step. Otherwise,
the process advances directly to step 6 in Fig. 5.1. The detailed method for

deciding on the necessity of taking action a, is to be described in Section 5.3.

After the initial consideration of urgent action, decisions regarding the struc-
ture’s long term future have to be made. For this purpose, the most likely

hypothesis H* is identified from the hypothesis set H, and its subjective prob-
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continued from the last page
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ability is P(H*). As mentioned in Section 4.5.7, if P(H*) reaches the value
Pﬁpt', H* can be considered acceptable, and the decision-making can be simply

carried out according to H*, where P , is determined subjectively by the en-

acpt
gineer based on his/her experience. Therefore, at step G, if an hypothesis H*
is accepted, a set of actions A* can be determined by specifically considering
the implications of H* in regard to the observed anomalies and future struc-
tural performance. To choose the best one from A*, prognosis is carried out to
predict the consequence of each member in A* defined on relevant attributes
such as safety and serviceability. Since only H* is being considered, according
to our definition, the consequence of each action a; € A* can be deterministi-
cally assessed. The decision is then to be made under certainty, and the best
alternative a* can be easily found in such a way that «* is the cheapest among

those that can meet the specified requirements. Finally, the process advances

to the next step — execution of ¢*, and is then complete.

However, if the answer to question No. 6 is no, the choice of an appropriate
course of action has to be made under risk. For this purpose, possible courses of
action A = (ay,as,--+,a;) have first to be designed. An action «* is identified
as the one which has the highest expected utility U(a*) in A. This means that
if a terminal decision has to be made at this stage, a* is the best candidate
to the decision-maker concerning all attributes in the consequence space based
on the information available at the time. If new information is gathered, an

improved decision can be made.

However, acquiring more data is not always feasible even if there are obviously
some promising tests available. Factors such as political pressure to make a
terminal decision right now, financial difficulties, the owner preference to take
a terminal course of action all can prevent the engineer from gathering more
information. Question No. 8 is mainly concerned with these factors. If it
is feasible to carry out further testing, a set of candidate tests have to be

identified. These are denoted here by T' = (t1,t3, -, tx). A test ¢* is then
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subjectively chosen by the engineer from T' with regard to factors such as cost
and importance of the test. Using the routine procedure of decision analysis,
the expected utility of ¢*, U(¢*), can be evaluated. If U(t*) > U(a*), t* is the
candidate test to be conducted. If there are no technical difficulties, t* can be
executed, and the process goes back to step 3 in Fig. 5.1. Otherwise, if there
are difficulties which prevent the conduct of t*, a new ¢* has to be identified
from T, and the process returns to step 9. If there is no such test t* € T' with
[7(t*) > U(a*), or if the answer to questions 8 is no, conducting more tests is
impossible, and the possibility of taking a* as the terminal decision has to be
considered. If this is the case, the process switches to the second part of the

flow-chart shown in Fig. 5.2 on page 176.

The risk of a* regarding the safety issue is now evaluated in terms of the
probability P* of having a dangerous structure following action a*. If P* is

not larger than the acceptable risk 1 — P, the terminal decision is to take

acpt?

a*, and the process is complete. Otherwise, if a* can not meet the safety

requirement, a new course of action a* has to be designed by paying more
attention to the safety attribute with more cost. A prognosis is then carried
out, from which the risk of a*, P*, is obtained. If the condition P+ <1— Pﬁpt
is satisfied, and the expected utility of at is greater than that of ¢*, a* can be

taken as the terminal decision. Otherwise, if U(a®) > U(a*) is not met, the

re-design of another a™ is necessary, and the process goes back to step 16.

In a special case where the relevant attributes include the “safety” (Xp) and
the “cost” (X¢) only, the determination of a suitable ¢t can be carried out

using the procedure described on page 170 in the last chapter.

However, if there does not exist such an a® that satisfies both the safety
requirement and the expected utility criterion, the process moves to step 20.
This means that although the engineer has tried everything, an agreement on

the terminal decision has not been achieved with the decision maker, using the
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information available up to date. In this case, three options can be considered:
(i) if the engineer can persuade the owner to gather more information and let
the terminal decision be made at a later stage, the process goes back to step 9
in the flow-chart; (i1) if there is no promising test available, or if the decision
maker agrees to compromise by spending more money to take a satisfactory
action at which does not satisfy U(at) > U(a*), but nevertheless has the
highest expected utility among those that satisfy the safety requirement, the
process terminates after a%t is executed; (iii) if no agreement can be achieved,

the decision-making has to be postponed, and the process stops at this time.

Obviously the overall process works iteratively, and its recursive nature has to
be emphasised. If test t* is selected as an intermediate decision at the ¢** cycle,
further analysis has to be carried out at the (i + 1) cycle according to the
actual outcome of test t*. At each cycle, the hypothesis set H has to be updated
using the procedure given in Chapter 2, and the probability of H; is re-assessed
using the new information available. The courses of action A = (a1,4ay,- - ,ar)
and test candidates T = (1,12, -, k) also need to be updated. The dynamic

nature of A is an important and indeed essential characteristic of the proposed

procedure.

Although the process thus described is well structured and comprehensive, 1t
appears to be tedious, especially if it has to run through a large number of
cycles, especially when the number of hypotheses is also large. However, the
intuitive thought processes of an engineer faced with this type of problem are
exceedingly complex, and at least as involved as the logical procedure described
here. Also, the analysis of each step in the procedure can be simplified as the
amount of information increases. At the first cycle of analysis the knowledge
available is very limited, and the number of hypotheses and courses of action
may be very large. As the assessment process proceeds, more information is
gathered, and many hypotheses will be eliminated from [, thus simplifying

future cycles.



Chapter §: The Detailed Process 180

The complete process of dealing with existing defective concrete buildings has
now been outlined. In the next section, a procedure is suggested for answering
question No. 5 in Fig. 5.1, i.e. how to decide whether urgent action needs to

be taken.

5.3 Taking Urgent Action

The objective of taking urgent action is to protect the safety of human life and
property in case the structure is in danger of immediate collapse. Whether to
adopt such an action or not has to be decided immediately after the site inspec-
tion and preliminary assessment have been completed. Any relevant analysis
regarding this decision only needs to consider the structure’s performance in

a very short term.

Although any urgent action will have to be chosen in relation to the specific

problem, those commonly used in practice will fall into the following categories:

e a; = evacuate the structure;
e a, = restrict the applied load;
e a3 = provide temporary support or strengthening;

e a, = provide monitoring and a warning system but keep the building in

service.

A relevant choice from a set of actions of this kind can usually be made based
on the engineer’s experience and expertise. For example, if the anomaly has
been present for some time and the structure has not yet failed, it may be

concluded from experience that the structure is not likely to fail in the near
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future unless circumstances change markedly, and hence no drastic action is

needed. An experience-based approach is obviously appropriate.

However, if a decision can not be made in this way, and the danger of imme-
diate failure is a real concern, a well structured procedure, which can balance
the cost of taking action against the cost of serious consequences, is needed
in order to reduce the chances of making unnecessary mistakes. In the fol-
lowing, a simple approach using decision analysis similar to that in Chapter 4
is proposed. It is aimed at helping the decision maker to identify rational
choices in complex situations. For this purpose, a decision tree is shown in
Fig. 5.3, in which a; is an urgent action from the list on the previous page;
ao is the action of “doing nothing and keeping the building in service”; H; is
the it hypothesis obtained in the preliminary diagnosis, and P(-) denotes the
probability of (). The possible consequence is defined as a binary event, 1.e.
failure or non-failure denoted by F and F' respectively. Failure is further rep-
resented by ductile failure D and non-ductile failure D. It has to be pointed
out that the failure defined here is conceptually different from that used in
Section 4.5.8 of Chapter 4 where failure only indicates an unacceptable risk
level. Failure defined in this section means real structural failure regarding a

particular ultimate limit state in a short term.

The probability P(D) is to be estimated subjectively conditional on F', and
P(D) is then 1 — P(D). The failure probability P(F") should be estimated by
considering only the current loading condition. Either utilities or monetary

cost can be used to scale the three consequences denoted by (a;, D), (as, D)

and (a;, ).

With these notations, a routine decision analysis can be carried out to select an
action a* which has the highest expected utility (or lowest cost), i.e. U(a}) =

max U(a;). If a, 1s chosen, it means no urgent action is needed.
T
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Figure 5.3: The Decision Tree for Choosing an Urgent Action

5.4 Summary of This Chapter

A comprehensive process for treating structural defects has been proposed,
using relevant detailed procedures for tasks such as diagnosis, condition eval-
uation and decision-making which have been developed in previous chapters.
To illustrate the use of the process in real problem-solving, two examples are

given in the next chapter.
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Examples

6.1 Example 1

In a multi-story building, a permanent sag was found in the reinforced con-
crete slab floor at mid-panel of several panels. Extensive cracks were observed
on first inspection on the underneath surface in mid-panel, and also around
adjacent columns on the top surface. The owner of the structure was alerted
by concerned occupants, and wanted to know whether there was a structural

problem, and what, if any thing, needed to be done.

For this purpose, the procedure proposed in Chapter 5 is applied, and related

details are given in the following sections.
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6.1.1 Identification of Anomalies

The cracking pattern was recorded during the site inspection, and is shown
schematically in Fig 6.1. According to our terminology, the observed cracks
and excessive deflection are considered to be anomalies. For convenience, the
cracking on the bottom surface of the slab in the mid-panel is called anomaly
No. 1 and denoted by Si, and the cracks on the top surface around adjacent
columns are referred to as anomaly No. 2, denoted by Sy, while S3 represents
anomaly No. 3 — the deflection. Attributes of S; to be considered are b;; =
orientation, by, = time of occurrence,, bys = appearance and byy = width.
The same attributes are also considered for S;. Two attributes are considered

for S3: b3 = time of occurrence and bsy = endurance.

column

- nllr: = n

concrete slab

\\_
/\\\/{[i{' S't -

cracks

Ll

~
/0
N
M

4 ] [ = H]
View From Below Slab Plan View

Figure 6.1: Recorded Crack Pattern

6.1.2 Available Information

From relevant sources, it was known that the building was 4 years old, and

the concrete floors were cast in-situ. According to the appearance of the ob-



Chapter 6: Examples 185

served anomalies during the inspection, there was no evidence of rusting. The
deflection has been present for quite a long time. Upon the examination of the

design drawings obtained, no significant design error was found.

6.1.3 Identification of Possible Explanations

With the identified anomalies and information available, the explanation tree
for this problem was established using the procedure described in Section 2.4.2,

from which possible explanations were identified for the two anomalies Sy, Sy

and Si, and listed in Table 6.1.

Table 6.1: Identified Explanations

Categories Explanations

Physical e1: Shrinkage or temperature effects;

ez: Lack of bond or progressive loss of bond;

Chemical es: Alkali-aggregate reaction;

e4: Corrosion of steel bars;

Overload es: Overload during construction;

es: Overload during in-service period;

e7: Detailing problems;

eg: Low strength concrete;

eo: Insufficient reinforcement at mid-span;
Lack of stiffness | e1o: Badly located reinforcement at mid-span;

e11: Insufficient reinforcement around columns;

e12: Badly located reinforcement around columns.
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6.1.4 Creating the Hypothesis Set H

The explanation tree is shown in Fig. 6.2, in which e; represents the i'* ex-

th anomaly, and b;; is the j®* attribute of the "

planation, S; denotes the ¢
anomaly; and the directed lines indicate the causal relations between explana-
tions and relevant anomalies. From the information obtained so far, attributes

bi1, ba1 (orientation), bys, bes (appearance), and bsy (deflection endurance) are

known, and represented by shaded ellipses.

\ -/
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Figure 6.2: Explanation Tree of Example 1

It is obvious that the candidate set He of hypotheses consists of single-explanation
elements HS = e;, HY = ey, HY = e3, HY = ey, HY = e5, HY =
es, HS = eg, two-explanation elements such as HS = ereg, HS = ereqq, -+
and multi-explanation elements like ejeqeq, eseger,---. It is too tedious to
list the complete set of Hg because of its large number of possible elements.
However, as mentioned in Section 2.4.4, the hypothesis set H € H¢ only com-
prises those promising members, and temporarily excludes the elements which

are not very likely to be true, according to the information currently avail-
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able. For this reason, the explanations e3 = Alkali — aggregate reaction and
eq = Corrosion of steel bars in our example do not need to be considered
in the creation of hypotheses because the building was fairly new and not lo-
cated in harsh environments, and there is no evidence of corrosion from the
appearance of the cracks identified. Also, hypotheses containing too many
explanations such as H; = ejezeseregeg are relatively much less likely to be
true compared with those having small number of explanations. Therefore,
hypotheses with three or more explanations are not considered in creating H

at this initial stage.

Based on these considerations, the hypothesis set H is created as:

Hy =e; | He = ereg Hyy = ejoere
H;=e; | Hr =erero | Hiz = eser
H; =es Hg = egen Hi3 = eger
Hy = e Hy = egeqs Hysy = eses
Hg = eg | Hio = e1e11 | His = eges

H° = others

where H° is the pseudo hypothesis which represents all other elements of H¢

and otherwise ignored in H.

6.1.5 Assessment of Subjective Probabilities for Each

Hypothesis

Using the method described in Section 2.4.5, the subjective probability of
each hypothesis H; can be obtained by assessing the prior confidence factor
CF(H;) and two partial confidence factors CF(AI*, H;) and CF(AI-, H;),
where C F(H;) indicates how often H; happens in practice; CF(AI*, H;) and
CF(AI-, H;) represent the strength of relationship between the obtained in-
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formation AJ and the truth of H;, AIT is the newly obtained information
conveyed by the explanation nodes and their parent-nodes in the explanation
tree; Al is the newly gathered information conveyed by the anomaly nodes
and their associated attributes, and AT = AIt 4+ AI-. CF(H;) ranges from 0
to 10, while both CF(AIt, H;) and CF(AI-, H;) takes values between 0 and
100. Relevant values of CF(H;), CF(AIt, H;) and CF(AI~, H;) are assessed
for the hypotheses created in the last section, and listed in Table 6.2, where
the subjective probability of H; is evaluated by:
P'(H;) x P(AI, H;)

Xn: P'(H;) x P(AI H;)

=1

P(H;) =

(6.1)

in which P'(H;) is obtained by normalizing the prior confidence factors; and
P(AI H;) is the normalized value of the confidence factor C'F'(AI, H;) which
can be evaluated by Eq. 2.19 in Chapter 2.

As can be seen from Table 6.2, since there is no information available at this
stage about any further causal factors on the explanations contained in the
explanation tree shown in Fig. 6.2, i.e. AI* = ¢ (an empty set), confidence
factors C F(AI*, H;) are assessed as 50 for every valid hypothesis. Based on
how well the observed cracking pattern and associated attributes confirm the
existence of a hypothesis, values of CF(AI-, H;) are assessed and listed in the
fourth column of the table. Finally, the subjective probability of hypothesis
H; is evaluated by Eq. 6.1, and listed in the sixth column of Table 6.2.

After P(H;) is estimated, the decision on the necessity of taking urgent action

has to be made next before any further actions are considered.

6.1.6 Need for an Urgent Action ?

From the interview with occupants, it was known that the sag of the concrete

slab was not a new problem. Considering the facts that currently applied dead
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Table 6.2: Subjective Probabilities for Each H; in The First Cycle
Hypothesis | CF(H;) | CF(AI*, H,) | CF(AI, Hy) | P(AL Hy) | P(H))

Hy=e 6 50 10 0.0119 0.0173
Hy=ey 5 50 30 0.0357 0.0432
H3 =e5 7 50 80 0.0952 0.1613
Hy=eg 5 50 70 0.0833 0.1008
Hs =eg 6 50 60 0.0714 0.1037
Hg = ereg 3 50 60 0.0714 0.0518
H7; = ereq 3 50 10 0.0119 0.0086
Hg = egeq; 4 50 55 0.0655 0.0634
Hy = egeqg 4 50 35 0.0655 0.0634
Hio = ejoe11 4 50 55 0.0655 0.0634
Hqp = ejpe12 4 50 55 0.0655 0.0634
9 = eser 3 50 65 0.0774 0.0562
Hy3 = eger 3 50 65 0.0774 0.0562
Hyy = eses 3 50 65 0.0774 0.0562
Hys = eges 3 50 60 0.0714 0.0518
H° = others 3 50 45 0.0536 0.0389
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and live loads were not large in comparison with the design load, and the sag
was not getting worse, it was suggested that no urgent action was needed,
but the applied load must be kept no higher than the current level. This
decision was also supported by the fact that, in the hypotheses obtained above,
the three top ranked hypotheses Hz = Overloading during construction,
H, = Overloading during in service period and Hs = Low strength concrete
were not likely to result in catastrophic consequences in the short term if there

is no sudden increase of applied loads.

6.1.7 Conducting More Tests ?

At this stage, since the highest ranked hypothesis Hs has only the probability
of 0.161, which is far lower than a reasonable acceptable value (say 0.85), it is
too early to make a final diagnostic conclusion. Therefore, a decision has to be
made on whether to do more tests or to take an appropriate course of action
regarding the hypotheses. For this purpose, if following the proposed process
described in Chapter 5, a set of actions A = (a1, as," -, a,) have to be decided
on, and the best action a* chosen from A using the expected utility criterion.
Any test t to be conducted has to satisfy the condition of U(t) > U(a*), where

U denotes the expected utility. Among the following feasible tests:

e 1;: search for information on loading during construction and in service

period;

ty: carry out relevant structural analysis to calculate the deflection;

t3: detect locations and quantities of steel bars using appropriate devices;

e t,: remove small regions of concrete to observe the steel reinforcement;

ts: take core samples of concrete to test for compressive strength;

Please note: Sections 6.1.7, 6.1.8 and 6.1.9 are superseded by relevant sections

specified in the Amendment at the back of this thesis.
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e t5: conduct non-destructive tests to estimate compressive strength of

concrete,

tests t; and tg should cost only a very limited amount of money, and therefore
is almost certain to have expected utility larger than U(a*), provided it can be
done within a reasonable short period of time, and hence the cost of delay can
be ignored. For this reason, ¢; and tg can be executed at this stage without

identifying a* and evaluating the expected utility U(a*).

After these tests are carried out, the process goes back to the procedure of

diagnosis.

6.1.8 The Second Cycle of Diagnosis

During the information search, it was confirmed by interview and knowledge
from other sources that the cracking had already appeared when the construc-
tion was completed, and no excessive live loads were experienced during the
4-year service period. Also, from the construction documents, it was found
that excessive loading was very likely applied mistakenly during the construc-
tion before the concrete reached its designed strength. Also, from the non-
destructive test, it was found that the concrete was in good condition, and the

compressive strength was acceptable.

Using this information, the probabilities of hypotheses I obtained in the first
cycle of diagnosis can now be updated. According to the reasoning procedure,
the time of first appearance of cracking is the value of the attributes by2, by of
the anomalies S; and S; respectively, and hence constitutes AI~. The result
of non-destructive test belongs to AI*T. All other information is about the
causal factors of explanation nodes, (refer Fig. 6.2) and should be denoted by

AI*t. Confidence factors C F(AI-, H;), CF(AIt, H;) are accordingly assessed,
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and listed, together with other calculated values of relevant probabilities, in

Table 6.3.

Table 6.3: Subjective Probabilities for Each H; in The Second Cycle

Hypothesis | CF(H;) | OF(AY, H) | CF(AI-, Hy) | P(ALH) | P(H))
Hy=e | 00173 40 70 0.1786 | 0.0318
Hy=e; | 0.0432 35 50 0.1116 | 0.0495
Hz —es | 0.1613 95 80 0.4848 | 0.8036
Hy=es | 0.1008 10 0 0 0
Hs=es | 0.1037 0 40 0 0

He = eres | 0.0518 40 10 0.0255 | 0.0136

Hy=erey | 0.0086 30 20 0.0383 | 0.0034

Hs = egeny | 0.0634 35 10 0.0223 | 0.0145

Ho = egers | 0.0634 40 10 0.0255 | 0.0166

Hyo = er0e11 | 0.0634 40 10 0.0255 | 0.0166
Hy = eroerz | 0.0634 40 10 0.0255 | 0.0166

Hip = eser | 0.0562 45 15 0.0431 | 0.0249

Hys = eger | 0.0562 10 10 0.0064 | 0.0037

Hys = eses | 0.0562 40 0 0 0

Hys = ees | 0.0518 10 0 0 0

He = others | 0.0389 10 20 0.0128 | 0.0051

As can be seen from the table, four hypotheses Hy, H,, I3, Hy, have probabili-
ties much higher than any others, with H; by far having the largest probability,
i.e. P(H3) = 0.8036. Probabilities of all other hypotheses are comparatively
very small. Therefore, all those hypotheses whose probabilities are less than

0.02 are considered unlikely to be true, and hence are subsumed into H°.

Assuming the acceptable probability P, is 0.80, it is obvious that hypothesis

acp

H; = es = Overloading during construction can be considered acceptable,
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and the diagnosis is completed. According to the flow-chart shown in Fig. 5.1
of Chapter 5, the process of trea,ting' structural defects can then advance from
step 6 directly to step 12, i.e. the design of a relevant course of action with

regard to explanations contained in Hj.

6.1.9 The Final Decision

Three courses of action are considered in this case:

e a;=do nothing;
® a; =repair the cracks using relevant epoxy resin;

e az=increase the stiffness by epoxy-bonded steel plate.

Since there are no safety and durability problems, the choice among the avail-
able actions is quite simple and mainly dependent upon the owner’s demand for
serviceability behaviour as well as financial situation. e; was finally adopted

as the terminal decision.

6.2 Example 2

A State Government Department is responsible for the management of its stock
of highway bridges. Inclined cracking has been identified in 16 T-beam concrete
bridges since October 1990. In fear of structural failure without warning, two
of these bridges have already been replaced. Due to the limited funding, a value
management study has been carried out in order to determine a cost-effective

strategy for the management of the existing bridges. The proposed process

described in Chapter 5 was employed for the assessment of the conditions of



Chapter 6: Examples 194

individual bridges and for the repair procedures (Hua, McGee and Warner,

1993).

In order to be applicable to this particular bridge problem, the flow-chart of
Fig. 1.4 on page 24 was modified to the one shown below in Fig. 6.3. Although
the approach has been developed in this thesis for concrete buildings, the
application to bridges shows that the procedures are very useful and practical

and, potentially, applicable to a wide range of problems.
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Chapter 7

Summary and Future Work

7.1 Summary

In this thesis, an attempt has been made to establish a practically useful
approach for dealing with existing concrete buildings from the academic re-
search re;eaéh point of view. For this purpose, a number of methodologies are
developed for diagnosis, condition evaluation and decision-making which are
essential to the treatment of structural defects. By integrating systematically
the methods t/ogetlgr, a detailed process has been proposed, which is capa-
ble of solving real problems in a well organized manner, and can be adopted
by engineers as a guide in practice. The usefulness of the process has been

demonstrated by examples.

196
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7.1.1 The Method of Diagnosis

The proposed method for diagnosis is an hypothesis-and-test procedure through
which the most likely explanations of observed anomalies can be identified. An
hypothesis is the set of explanations that can fully cover the observed pattern
of anomalies. Relevant hypotheses are firstly generated from an explanation
tree constructed using observed anomalies and their associated attributes as
well as other information obtained in the condition survey. An informal prob-
abilistic reasoning procedure is then employed to rank the hypotheses in terms
of subjective probabilities. If the probability of the most likely hypothesis H*
reaches a pre-defined value Pﬂpt, H* is considered acceptable, and the diag-
nosis stops. Otherwise, gathering more information through testing has to
be considered. Since the diagnostic results are used by other procedures to
evaluate the structural condition and eventually to choose a course of action,
the necessity of conducting more tests and the strategy of test selection are
determined in a comprehensive decision-making procedure. Thus the diagno-

sis is closely related to other procedures in the whole process of dealing with

structural defects.

7.1.2 The Method of Condition Evaluation

Condition evaluation of existing concrete buildings defined in this thesis con-

sists of procedures for the assessment of structural adequacy regarding safety,

serviceability and durability. For a specific hypothesis obtained from the diag-

nosis, the safety index  of an interested ultimate limit state concerning the real

physical state of the structure at the time of assessment can be evaluated us-

ing structural reliability theory. The structure’s safety condition is accordingly
» o«

assessed to the status of “safe”, “negligibly defective”, “moderately defective”

and “severely defective” varying with the value of §.
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Experience-based approaches are employed for the assessment of serviceability
and durability conditions. Using the proposed procedure, the assessment can

be carried out in a well-organized manner.

7.1.3 The Method of Decision-making

To plan appropriate repair and maintenance strategies for an existing struc-
ture, a set of courses of action are firstly worked out by considering the effects
of the explanations of the observed anomalies. Possible consequences of each
option are defined in terms of the financial cost incurred and the structure’s
status regarding safety, serviceability and durability after the action is exe-
cuted. Before adequate information is gathered, each alternative may have
several possible consequences with different probabilities of being true. After
consequences are scaled by utility values, the best action is chosen by compar-
ing alternatives according to their expected utilities. The procedure forms a
multi-stage process in which the choice can be made at any stage using the
information available at the time. Refined decisions are made at the next stage

if new data are gathered.

7.1.4 The Complete Process

The complete process of dealing with existing concrete buildings is obtained
by assembling the proposed procedures for diagnosis, condition evaluation and
decision-making. The process begins with a set of observed anomalies, and
ends with a terminal decision regarding corrective work. When applied to real
problems, the process usually results in a number of intermediate decisions such
as conducting more tests before it terminates. The process works iteratively

) R S
so that new information available at each stage is efficiently utilized in making

choices. Since major factors regarding various structural requirements as well
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as financial cost are joihtl?y considered from both the engineer and the owner’s
J
point of view, the final decision resulting from the process is rational and

acceptable.

7.2 Concluding Remarks and Future Work

With the rapid expansion of the stock of concrete structures, it is expected

that more and more attention will have to be paid to the maintenance and

treatment of existing structures. Although there exist various experience-based

approaches established by engineers in practice, this thesis has introduced
what are thought to be new systematic methodologies. This was found to

be necessary because of the lack of previous analytic research in this field.

Although the methods have been proposed for concrete buildings, they should

also be applicable quite generally.

To continue the research, time-dependent anomalies need further study. Dura-
bility problems caused by these anomalies usually dominate the treatment of
structures exposed to harsh environments. With the wide application of com-
puters, it is possible to build computerized ezpert systems (Levine et. al, 1987)
to aid engineers in dealing with durability problems which need experience and
expertise. This should prove to be a fruitful development area in the near fu-

ture.



Appendix A

Statistical Data on Basic

Variables

A.1 Introduction

Variations in the common basic variables involved in structural design such as
properties of concrete and reinforcement need to be represented by probability
distributions in reliability analysis. These distributions are usually obtained
from test data available together with professional judgements, and reflect the
current practice of concrete engineering. There are plenty of data reported in
the literature for this purpose, and relevant distributions of material properties
and dimensions are summarised in this section. However, the data presented
here are mainly from probabilistic studies of concrete structures by a number of
authors in North America, and hence its applicability to other areas is subject

to further refinement.

200



Appendiz A 201

A.2 Statistical Properties on Concrete Strength

In a Monte Carlo study of reinforced concrete beam column interactions con-
ducted by Ellingwood (1977), the compressive strength of concrete f. is mod-
elled by normal distributions with the means and coefficients of variation
(COV) listed in Table A.1 for different workmanships of the concrete, where

f. is the nominal design value of concrete strength specified in relevant codes.

Table A.1: Data on Concrete Strength

variable | mean Cov

good | average | poor

f. 1.16f. | 0.10 | 0.15 | 0.25

A comprehensive study of the variation in concrete properties was conducted
by Mirza et al. (1979b) based on a large amount of test data collected from
various sources. It was pointed oui’. that the strength of concrete in a structure
tends to be somewhat lower than the strength of control cylinders molded from
the same concrete, due to the differences in size and shape, and the effects of
different stress conditions in the structure and specimens. The following equa-
tion is given to estimate the mean 28-day strength of concrete for minimum

acceptable curing:
Fotras = 0.675f, + 1100 < 1.15f, psi (A.1)

where f. is the nominal design value. However, the in-situ strength of concrete
is also affected by the differences in volumes of material under stress and the
rate of loading. To allow for these effects, a probabilistic model of concrete

strength was constructed as:

fe= f;"17‘27‘3 (A.2)
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where ry,r, and r3 are random variables to account for various influences.
From the results of analyses based on this model, a normal distribution curve
was proposed for the concrete compressive strength, fc, with the mean and

coefficient of variation as:
fo = for28[0.89(1 + 0.08 log R)] psi

V2 =V2 +0.0084

where R is the loading rate in psi/sec; fsir2s is obtained by Eq. A.1 and V7 is
the variability of cylinder tests.

For tensile strength, a similar procedure was applied and the mean value and

coefficient of variation of flexural-tension strength of concrete are given by:

Fi = 8.31/ Fatr25[0.96(1 + 0.11 log R)]

V2
V2= —4& + 0.0421

cr

A.3 Statistical Properties on Dimensions

The variation in geometric imperfection of concrete members depends, to a
great extent, on the quality control. Large differences exist among various
data reported in different sources. The available data were summarised by
Mirza and MacGregor (1979c), and the recommended properties for concrete
beams are normal distributions with means and standard deviations listed in
Table A.2, in which the values in square brackets are for in-situ beams and

others are for precast beams:
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Table A.2: Variations in Beam Dimensions

Dimension Nominal Mean deviation Standard
description range (in.) from normal (in.) | deviation (in.)
Rib width |14 [11-12] 0 [+2] 3 (3
Flange width | 19-24 [—] +2 -] Lo
Overall depth | 21-39 [18-27] +3 [3 2 4
Top cover 2-2.5 [0.5-1] 0 [3] = [
Bottom cover | 0.75 [0.75-1] 0 [&] £ 4]
Span 0 [0] i

A.4 Statistical Properties on Reinforcement

The in-batch variation in the yield strength of steel bars is relatively small.
However, the variability of samples obtained from different batches and sources
may be high, and has to be considered in safety analysis of concrete structures.
According to the data obtained from various sources, Mirza and MacGregor
(1979a) found that the Beta distribution provides the best fit to the existing
data of steel strength with the density function given by:

_ fys — 248.2 2.21 468.9 — fya 3.82 :
PDF = 3.721( 550.7 ) R 5507 )>®% For Grade 40 bars
_ 2.02 _ ¢ 695
PDF = 7.141(fy;51.:;93) (7443"571.7](”’) For Grade 60 bars

The cross sectional areas of steel bars are also subject to variations. From
the test data available, a normal distribution truncated at 0.94 with a mean
value 0.99 and a coefficient of variation 2.4 percent is suggested for the ratio of
measured to nominal areas, A,,/A,. When the effect of variability of A,,/An

is considered negligible, a single value of 0.97 may be used.
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Data on the statistical properties of prestressing strands are relatively lim-
ited in comparison with that of steel bars. In a previous study of partially
prestressed beams by Naaman and Siriaksorn (1982), the probability distribu-
tions of ultimate strength f,., yield strength f,,, modulus of elasticity £, and
cross-sectional area A, of Grade 270 (12.7 mm) prestressing strand were taken
as normal distributions with mean values 1.0387 f,.,., 1.027 f,,, 1.011E,, and
1.01176 A, , and the corresponding coeflicients of variation 0.0142, 0.022, 0.025

and 0.0125, respectively, in which z, is the nominal value of .

Properties of Grade 270 prestressing steel were also modelled as normal dis-
tributions by Mirza and MacGregor (1982) with the means and standard de-

viations listed below in Table A.3, in which e, is the ultimate tensile strain.

Table A.3: Data on Grade 270 Prestressing Steel

Variable Mean Deviation

fou Mpa 1935 50

E, Mpa 195 800 3900
€pu 0.05 0.0035




Appendix B

Probabilistic Models for
Building Live Loads

B.1 Introduction

Applied loads on structures usually consist of dead and live loads. Live load
contributes in a major way to the uncertainty involved in structural analysis,
while the dead load has relatively smaller variations and could be assessed with
satisfactory accuracy in many cases. In this section, only the office building

live load will be discussed.

Live loads in buildings consist of sustained and extraordinary (or tran-
sient) components. The former represents the load due to the weight of things
like desks, bookcases, which remain relatively constant for a long period. The
latter represents short-term effects caused by events like gatherings of people

and furniture storage.

205
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Live loads are time-dependent, and the time history of building live loads is
illustrated in Fig. B.1, in which the jumps in the sustained load represent the
occupancy changes, and the sustained load is assumed being constant during
one tenancy. For various design requirements, different values of live loads
may be adopted. The load considered for ultimate limit states is usually the
maximum combined sustained and extraodinary load that has a small proba-
bility of being exceeded within a specified period. The load for serviceability

limit states, however, should be less conservative.

Sustained load
A

0 Time
Transient Load
[

0 Time
Total Load

A

0 Time

Figure B.1: The Time History of Live Loads

To treat building live load statistically, both survey data and probabilistic
models are needed. The information obtained from most load surveys available
is concerned with the sustained component. The earliest survey dates back to
the last century, and a historical review of this information is reported by
Corotis (1975). Although the information gathered in the earlier load surveys
was not represented and analyzed on the basis of probability theory due to the

lack of sufficient samples, it did provide data as an alternative to professional
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judgement for load code committees to work with. On the other hand, it
was recognized from those surveys that the live load intensity in buildings
decreases with increasing tributary area. This important feature of live load
is now considered by many load committees in the world. In parallel with
developments in structural reliability theory, extensive load survey data have
been reported in the past decades (Dunham, 1952; Mitchell et al. 1971; Culver,
1976), and statistical models have also been developed (Corotis, 1977).

Because the extraordinary component of live loads is due to unusual actions,
it is difficult to collect experimental data. A possible approach is to develop a
reasonable probabilistic model with the parameters estimated from judgement,

together with limited data available.

In the following, probabilistic models currently available (Peir and Cornell,
1973; McGuire and Cornell, 1974) for floor live loads in office buildings are
presented, which has been used in developing design load specifications in

different countries (Ellingwood et al., 1980; Pham and Dayeh, 1986).

B.2 Probabilistic Models for Sustained Live
Load

When concerning the sustained floor live loads, two aspects have to be consid-
ered. One is spatial correlation, which reflects the dependence between loadings
at two different locations at the same point in time; Another is the temporal
correlation which reflects the dependence between loadings at the same loca-
tion at two different points in time. Unfortunately, it is difficult to determine
these two correlations quantitatively from existing survey data, and statistical
models for live loads have generally been chosen from a prior considerations by

judgement. In the model proposed by Peir and Cornell (1973), the live load is
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represented in terms of load effect which is the structural response produced
by the load acting on it other than nominal load, which is the sum of all loads
on the floor. For analysis purposes, the terms unit load and equivalent uni-
formly distributed load (EUDL) are introduced. The former refers to the
nominal load divided by floor area. The latter equals the load effect divided
by the integral over the influence surface, and this is the uniform load intensity
which would produce the same load effect if applied over the appropriate floor
area. The influence surface introduced here is the shape of a function whose
ordinate at any point (z,y) is the load effect of interest which would be caused

by a unit load applied at that point.

The load intensity at point (z,y) on the floor of a building at an arbitrary

point in time is expressed as:
W(z,y)=m+m+7+e(z,y) (B.1)

in which m =the mean value of all unit live loads; 1 =a zero-mean random
variable representing the deviation from m due to different buildings; v, =a
zero-mean random variable accounting for the variation of different floors in
a building from m + 7;; €(z,y) = a stochastic process with nonzero spatial
correlation, i.e. Cov[e(z1,y1), €(Z2,y2)] # 0, representing the variation of load

intensity on a given floor at different points.

With w(z,y) determined, the unit load U and the EUDL load on area Aj can
be obtained by:
_ [y, W(z,v)drdy
Ar
f fA; I(:L‘, y)W(CE, y)d(l:dy
Y4, I(z,y)dzdy

in which I(z,y) is the coordinate of the influence surface.

U (B.2)

EUDL =

(B.3)

The properties of EUDL has to be determined from load survey data. Consid-

ering the live load acting on a influence area Ay with load intensity W(z,y),
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the total load effect is

L(A;) = / /A 1(e,)W(z,y)dedy

The mean and variance of L(Aj) can be determined from stochastic theory:

BIL(AD] = [ [, 1@.9)EW(z,y)ldzdy (B.4)

Varlk(Anl = [ [ [ [ 1eu) (e n)CovlW (,), W (a1, un)ldrdydaidys

(B.5)
The mean and variance of EUDL are then:
E(EvDL) = ZLEAD] (B.6)
i
Var|EUDL] = VL"[‘%(A—’)] (B.7)
1

in which V; is the volume under the influence surface.

The above model was further simplified by McGuire and Cornell (1974) for
practical application. Firstly, the arbitrary point in time load intensity W(z, y)
is modified and represented by

W(z,y) =m+v+€(z,y) (B.8)

in which m is the mean sustained load; ¥ is a mean-zero random variable;
¢(z,y) is a spatially varying random process. Secondly, it is assumed that the
correlation between the values of €(z,y) for two points is zero if the points are
separated by any finite distance. The mean and variance of EUDL can then
be simplified as:

E[EUDL} =m (B.9)
o’
Ar

where o?=variance from m; A;= influence area; o? and K are experimental

Var[EUDL) = 0>+ K (B.10)

constants.

The preceding derivation of first and second-order moments does not depend

on any form of probability distributions. Based on the study of Corotis (1977),
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it is assumed that the sustained EUDL conforms to a gamma distribution with

moments given by Egs. B.9 and B.10.

However, of prime interest in structural design is the life time maximum load,
and this value for the sustained live load can be obtained by assuming that
the occupancy changes occur as Poisson arrivals (see Fig. B.1). If the mean
rate of this change is v, (per year), the distribution of the maximum sustained

live load during the lifetime of T years is given by:
Fiaz—sust(z) = exp(~v,T[1 — Fy(z)]) (B.11)

in which F,(z) is the distribution function of arbitrary point in time sustained

live load.

B.3 Probabilistic Models for Extraodinary Live
Load

For extraodinary live load, a similar procedure was used by McGuire and Cor-
nell (1974). The extraordinary component of live load was modelled by a
series of unusual events. Each event is considered as a number of randomly
distributed load cells, with one cell containing a cluster of loads. The mean
and variance of equivalent uniformly distributed load associated with one ex-

traodinary event can be evaluated by:

E(EUDL) = Te™rn (B.12)
Af
k/\m 2 R2 2 2 2
Var(EUDL) = (mgm B + mrag + mgag) (B.13)

A}
in which Ay = influence area; mg = mean weight of single load @); mr = mean
number ofloads per load cell; )\, = a function of A;; k = influence surface

parameter; 0% = variance of single load. It is assumed that the extraodinary
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EUDL also corresponds to a gamma distribution. Due to the lack of data
on extraordinary components, the parameters in Eq. B.12 and Eq. B.13 are
decided mainly by judgement. The values given by McGuire and Cornell (1974)
are listed here in Table B.1

Table B.1: Data on Parameters in the Extraodinary Live Load Model

pq (pounds) | pr | 03 (pound)® | o} | Am

145 5 900 4 [1.43 For A; =100 f#?
2.76  For Ay = 200 ft?
3.99 For A; = 300 ft2

\/M—’%@ ForAr > 400 ft?

Like the sustained live load, the extraordinary component is also time depen-
dent. The maximum extraordinary load is the largest value of all extraordinary
events happen during the lifetime T' of the structure. If it is assumed that the
extraordinary events occur as a Possion process with the rate v., the distribu-

tion of lifetime maximum extraodinary live load is:
Firfaz-Ezir(z) = exp{—vet[l — Fo(z)]} (B.14)

where F(z) is the distribution function of one extraordinary event; ¢ is the

time period.

B.4 The Combined Maximum Live Load

The most important load value in code specification and design practice is the
total lifetime maximum EUDL, L;, which is the combination of sustained and
extraodinary components. It is generally accepted that (McGuire and Cornell,

1974) the maximum load during a structure’s life will almost certainly be one of
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the two cases or modes. The first mode is the maximum sustained load during
the structure’s life plus the largest extraodinary event which occurs during the
random duration of this maximum sustained load. The second mode is the
largest extraodinary event during the structure’s life plus the sustained load

acting at this (arbitrary) point of time.

Based on the first mode, the maximum total EUDL, L;, was evaluated, and
the results were fitted to a Type I extreme value distribution with the following

properties (Ellingwood and Culver, 1977):

520
E[L] = 18.7 4+ 22 .
Var[L,]=14.2+%@ (psf)? (B.16)

I

where the influence area A; is different from the traditional tributary area Ar,

e.g. A; = 2Ar for a beam, 4Ar for columns, and panel area for two-way slabs.
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Amendment

This amendment has been prepared to satisfy the comment numbered 2.4
which was made by the second examiner of this thesis. The main part of
the amendment is actually an expansion of Example 1 described in Chapter 6
for the purpose of demonstrating how the proposed process can be applied in

practice.

Section 6.1.1 on page 184: The first sentence beginning with “The cracking
pattern” on line 1, and ending on line 2 with “Fig. 6.1” is superseded by the

following sentence:

The cracking pattern was recorded during the site inspection, and 1s given
schematically in Fig. 6.1, in which Part I (View From Below Slab) shows the
typical cracking pattern on the bottom surface of the concrete slab at mid-
panel, and Part II (Plan View) shows the typical cracking pattern on the top

surface around the columns.

From page 190 to page 193 : Sections 6.1.7, 6.1.8 and 6.1.9 are superseded

by the following sections.
6.1.7 What to Do Next ?

At this stage, since the highest ranked hypothesis H3 has only the probability
of 0.161, which is far below a reasonable acceptable value (say 0.80), it is too
early to make a final diagnostic conclusion. Therefore, a decision has to be
made under risk. Using the proposed process described in Chapter 3, a set
of actions A = (ay,4as,- -, a,) have to be created first, and the best action a*
chosen from A based on the expected utility criterion. For this purpose, the

assessment of utility functions is described in the next section.

6.1.8 Assessment of Utility Functions



The utility function represents the utility values over the whole consequence
space of a decision problem. Using methods described in Sections 4.5.2 and
4.5.3 from page 147 to page 152, possible consequences for this example before
or after a course of action is executed can be fully defined by three attributes,
i.e. X = Xr X X5 x X¢, where X is the attribute of the objective “to provide
adequate structural safety”, and has four values: [safe, negligibly defective,
moderately defective, severely defective] denoted by [SF, ND, MD, SDJ;
X is the attribute of the objective “to provide adequate serviceability”, and
has two values: [satisfactory, inadequate] denoted by [ST, IA]; and X¢ is

a real number representing the cost in monetary values.

As mentioned earlier in Chapter 4, it is tedious to assess utility values over
a multi-dimensional consequence space. Using the method developed in Sec-
tion 4.5.4 of this thesis, utilities over the above three-dimensional consequence
space can be represented by a set of unidimensional utility functions. To do
this, the two discrete attributes Xp and Xg in X can be combined into a
single attribute Y, i.e. Y = Xr X Xs = [y1, Y2, Y3, Ya, U5y Yy Y7, ys), in
which y; = (SF, ST), y» = (ND, ST), yz = (MD, ST), ya = (SD, ST),
ys = (SF, TA), ys = (ND, IA), yr = (MD, IA), and ys = (5D, [A). The
consequence space X then becomes X =Y Xx X¢, and the utilities on X can
be represented by a set of 8 utility functions denoted by U(y1, X¢), U(yz2, Xo),
U(ys, Xc), Ulys, Xc), Ulys, Xc), U(yes, Xc), U(yr,Xc) and U(ys, X¢), in

which y; is a fixed point and X¢ is a real number in terms of dollars.

To evaluate these utility functions, utility values on the 16 discrete conse-
quences formed by (yi, Zemin) and (i, Temaz) have to be assessed, where Zomin
and 7 .nqs are the minimum and maximum values of the real number X¢ respec-
tively. In this example, Tmin is assumed to be $0 denoting no cost, and Zcmas
is assumed 1 million dollars. To start the assessment, these consequences are
firstly queued according to the decision maker’s preference: (y1,0) > (ys,0) >

(¥2,0) > (¥6,0) > (¥3,0) > (y7,0) > (y1,1m.) > (ys,1m.) > (y2,1m.) >



(ys,1m.) > (ys,1m.) > (yr,1m.) > (ys,0) > (ys,0) > (ya,1m.) > (s, 1m.),
where the symbol > denotes “is preferred to”. Secondly, since consequences
(y1,0), representing “a safe and serviceable structure without any cost”, and
(ys, lm.), representing “a severely defective and unserviceable structure after
spending 1 million dollars on corrective work”, are most and least preferred
respectively, let U(ys,1m.) = 0 and U (y1,0) = 100, and utility values on
the rest of the 16 discrete consequences can then be assessed easily using
the direct method based on the concept of certainty equivalent described
on page 152. For example, by asking the decision maker at what value of
probability p, he/she is indifferent to (y7,0) for certain and to the lottery
[(1,0), p, (ys,1m.)], the utility of (y, 0) can be obtained as U(yz,0) = 100X p.

With these utilities available, for a given y; the utility value on the consequence
(yi,z.) € X with any value of X¢ can be assessed simply using the direct
method by asking the decision maker at what value of probability p, he/she is
indifferent to (y;,z.) for certain and to the lottery [(¥s, Temin)s Py (Yir Tomaz)]-
In this way, the utility function U(yi, z.) is obtained, and the 8 unidimensional
utility functions U(y;, z.) (i = 1,2,...,8) can provide utility values for any point
in the whole consequence space X. Utilities on X for this example have been

assessed and are represented by diagrams in Fig. 1.
6.1.9 An Intermediate Decision

With the utilities assessed above, it is now possible to compare various courses
of action, and to choose the “best” one. Since this is in the very preliminary
stage of the decision-making process with limited information available, the
following three broad actions are temporarily considered: a; = “do nothing”, ay
= “repair the cracks and increase the stiffness”, az = “undertake a major repair
such as strengthening”. Detailed repair methods can be designed according to

these in a later stage of the decision-making process.

Among these actions, a, is obviously designed to satisfy the serviceability

3



60

P
35
Cy3, 0 (yy.1m)
U
A

% \
59

35

()'7 02

(yz,1m)

Figure 1: Assessed Utility Values Over the Consequence Space

97

20

Cya m)

(yq.1m)

> \
S8

a0

16

(Ye. M)

(YD

(yg Im)



Q1 H1

D Q2

Qs

Qe
He X |H2

Figure 2: The Decision-tree for The Intermediate Decision

requirement, and aj is for safety. It is assumed that 200000 and 1 million
dollars are required to carry out a; and a3 respectively for all panels having
anomalies in the building. The decision tree for this problem is shown in
Fig. 2, in which z% | H; denotes the consequence of action a; if hypothesis
H; is true. Due to the limited information available, assessment of these
consequences based on reliability theory is impractical at this stage, and hence
the experience-based method described in Section 3.7.3 of this thesis is used.
The result is listed in Table 1, in which related utilities have been obtained

from Fig. 1.

Based on Fig. 2 and Table 1, the expected utilities of ai,as and as can be
calculated using Eq. 4.24 on page 160: U(a;) = 62.8, U(a;) = 60.3, and
U(as) = 61.1. Obviously a, is preferred, i.e. a* = a;.

However, a* has been chosed using only the information currently available.
Therefore, it is alternatively possible to conduct tests to obtain more informa-

tion before the final decision is made. This is described in the next section.
6.1.10 Conducting More Tests ?

Feasible tests are listed below:



Table 1: Possible Consequences and Their Utilities

H ay ay as
Consequence | Utility | Consequence | Utility | consequence | Utility
H, (ys,0) 99 (y1,200000) 96 (y1,1m.) 62
H, (y7,0) 70 (ys, 200000) 69 (y1,1m.) 62
H; (ys,0) 99 (y1,200000) 96 (y1,1m.) 62
H, (ys,0) 99 (y1,200000) 96 (y1,1m.) 62
H; (y7,0) 70 (y3,200000) 69 (y1,1m.) 62
Hg (ys,0) 20 (y4,200000) 16 (y1,1m.) 62
H, (y7,0) 70 (ys, 200000) 69 (y1,1m.) 62
Hg (ys,0) 20 (y4,200000) 16 (y1,1m.) 62
Hy (ys,0) 20 (y4,200000) 16 (y1,1m.) 62
Hiyo (ys,0) 20 (y4,200000) 16 (y1,1m.) 62
Hy (ys,0) 20 (y4,200000) 16 (y1,1m.) 62
Hi, (y7,0) 70 (y3,200000) 69 (y1,1m.) 62
His (y7,0) 70 (y3,200000) 69 (y1,1m.) 62
Hyy (y7,0) 70 (y3,200000) 69 (y1,1m.) 62
His (y7,0) 70 (y3,200000) 69 (y1,1m.) 62
H° (y°,0) 72 (y°,200000) 68 (y°,1m.) 39




e t;: search for information on loading during construction and the in-

service period;
e t,: carry out relevant structural analysis to calculate the deflection;
o 3: detect locations and quantities of steel bars using appropriate devices;
e t4: remove small regions of concrete to observe the steel reinforcement;
e 1;: take core samples of concrete to test for compressive strength;

e ts: conduct non-destructive tests to estimate compressive strength of

concrete,

To decide on whether a test is preferred to the action a* chosen in the last
section, it is necessary to evaluate the expected utility of the favoured test. For
this purpose, let us try test t¢ (cost 5000 dollars) first, and the related decision-
tree is shown in Fig. 3, in which dy, d; and d3 are three possible outcomes of
the test. Since this test is mainly to get more information on hypothesis
H; = es = inadequate concrete strength, for simplicity, it is assumed that
d, = reject Hs, dy = accept Hy and dz = in formation s trrelevant, and
probabilities of H; unchanged. It is also assumed that the probabilities of
these outcomes are p(d;) = 0.4, p(d2) = 0.4 and p(ds) = 0.2.

Figure 3: The Decision-tree for Test t¢



Since hypotheses in H are mutually dependent (mutually exclusive and exhaus-
tive) if d, is true, the updated probability p(Hs) is then 1, and the probability
of any other element in H becomes 0. However, it is very important to note
that Hs = e being true is different from the existence of es. According to the
principle for diagnosis stated on page 61, if Hy is true, then es exists, but not

vice versa.

If ds is true, the probabilities calculated for all hypotheses before the test is
conducted will not change. If d; is true, p(H;) has to be re-evaluated condi-

tional on d;, and the result is given in Table 2.

Table 2: Updated Probabilities for Each H; Assuming d; Is True

Hypothesis | CF(H;) | CF(AI*, H;) | CF(AI-, Hy) | P(AL H) | PU)
Hi=e 0.0173 50 50 0.0769 | 0.0220
Hy=e; | 0.0432 50 50 0.0769 | 0.0548
Hs=es | 0.1613 50 50 0.0769 | 0.2047
Hy=es | 0.1008 50 50 0.0769 | 0.1279
Hs=es | 0.1037 0 50 0 0

He = e7eg | 0.0518 50 50 0.0769 | 0.0657

H;=ere; | 0.0086 50 50 0.0769 | 0.0109

Hg = eger; | 0.0634 50 50 0.0769 | 0.0805

Ho = egerz | 0.0634 50 50 0.0769 | 0.0805

Hyo = erger; | 0.0634 50 50 0.0769 | 0.0805
Hiy = eoez | 0.0634 50 50 0.0769 | 0.0805

Hyp = eser | 0.0562 50 50 0.0769 | 0.0713

Hys = eger | 0.0562 50 50 0.0769 | 0.0713

Hys = eses | 0.0562 0 50 0 0

His = eges | 0.0518 0 50 0 0

H° = others | 0.0389 50 50 0.0769 | 0.0494




Based on Fig. 3 and Table 2, the expected utility of is calculated as:

U(te) = 0.4 x 61 4 0.4 x 70+ 0.2 x 62.8 = 64.6 > U(a”) =628 (1)

Therefore, test te is preferred to ¢*. The intermediate decision is then to carry

out test tg before a terminal decision is made.
6.1.11 The Second Stage of Decision-making

After £ was executed, it was found that the concrete was in good condition,
and the compressive strength was acceptable. Using this information, the
diagnosis, i.e. the probability of H has been updated, and the result is shown
in Table 2. Using the updated p(H;), the utilities of the three courses of action
are calculated as: U(a;) = 61.0, U(az) = 57.98 and U(as) = 60.86. Therefore,

the most preferred action at this stage is again a* = a1.

However, the diagnostic result is still not conclusive after the outcome of
ts is obtained. The same situation was faced in the first stage of decision-
making, and the alternative option of conducting further tests has again to
be assessed. For this purpose, let us try ¢; this time. The related decision-
tree is shown in Fig. 4, in which di, d3, ds, d4, ds and de are possible out-
comes of the test. Since this test is mainly to get more information on
hypotheses Hs and Hy, for simplicity it is assumed that d, = accept H;,
dy = accept Hy, d3 = reject Hs, dy = reject Hy, ds = reject both Hz and Hy,
de = information is irrelevant and probability of p(H;) unchanged. Proba-
bilities of these outcomes are assessed as p(d;) = 0.2, p(dz) = 0.2, p(d3) = 0.2,
p(d4) = 0.2, p(ds) = 0.1 and p(ds) = 0.1.

The expected utility of ¢; is then evaluated, and the result is:

T (t)) = 0.2 % (99+99+60.43 4 60.58) +0.1 x 59.84 +0.1 x 61.0 = 75.89 > 61.0
(2)

Therefore, test t; is preferred to a* at this stage.



Figure 4: The Decision-tree for Test ¢

6.1.12 The Third Stage of Decision-making

From test t1, it was confirmed that the cracking had already appeared when
the construction was completed, and no excessive live loads were experienced
during the 4-year service period. Also, from the construction document, it
was found that excessive loading was very likely applied mistakenly during the

construction before the concrete reached its designed strength.

Using this information, the probabilities of hypotheses H obtained in the sec-
ond cycle of diagnosis can now be updated. According to the reasoning pro-
cedure, the time of first appearance of cracking is the value of the attributes
bia, bay of the anomalies S; and S, respectively, and hence constitutes AI™.
All other information is about the causal factors of explanation nodes, (refer
Fig. 6.2) and belongs to AI*. Confidence factors CF(AI-, H), CF(AI*, H;)
are accordingly assessed, and listed, together with other calculated values of

relevant probabilities, in Table 3.

Assuming the acceptable probability PH , is 0.80, it is obvious that hypothesis
g P

acpt
H; = e5 = Overloading during construction can be considered acceptable,
and the diagnosis is complete. According to the flow-chart shown in Fig. 5.1

of Chapter 5, the process of treating structural defects can then advance from
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Table 3: Subjective Probabilities for Each H; in The Third Cycle

Hypothesis | CF(H;) | CF(AY,H;) | CF(AI-, H;) | P(AIH;) | P(H;)
Hi=¢ 0.0220 50 50 0.1356 0.0239
H; =eq 0.0548 50 60 0.1626 0.0713
H3 =ej 0.2047 95 95 0.4892 0.8012
Hy=eg 0.1279 0 0 0 0
Hs = eg — — = — ==

Hg = ereg 0.0657 50 10 0.0271 0.0142

H; = ereq 0.0109 50 10 0.0271 0.0024

Hg = egeq; 0.0805 50 5 0.0136 0.0088

Hgy = egeq2 0.0805 50 5 0.0136 0.0088

Hyp = eypern | 0.0805 50 5 0.0136 0.0088
Hy1 = eyperz | 0.0805 50 5 0.0136 0.0088

Hys = eser 0.0713 75 15 0.0610 0.0348

Hq3 = eger 0.0713 0 0 0 0

Hq4 = es5eg — — — — =

Hy5 = eges = = = == =

H° = others | 0.0494 20 40 0.0434 0.0172
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step 6 directly to step 12, i.e. the design of a relevant course of action with

regard to explanations contained in Hj.
6.1.12 The Final Decision

According to the accepted hypothesis Hs = e5 = overload during construction,
there are no safety and durability problems, and hence the following four de-

tailed courses of action are considered:

e a;=do nothing;
e a, =repair the cracks using relevant epoxy resin;
e asz=increase the stiffness by epoxy-bonded steel plate;

® as—ag + as.

with costs of 0, 50000, 150000 and 200000 dollars respectively. Since the deci-
sion is to be made under certainty in this case, consequences related to each
action are assessed as 2% = (ys,0), 2 = (ys, 50000), % = (ys,150000) and
z% = (y;,200000), in which y5 = (SF,IA), v = (SF,ST), with SF repre-
senting “structure is safe”, ST and IA denoting “serviceability requirement is

satisfactory and inadequate respectively”.

Utilities of these consequences have been found from the assessed utility func-
tions shown in Fig. 1, and are: U(a;) = 99, U(az) = 98, U(asz) = 96 and
U(aq) = 96. Obviously, a; = doing nothing is the best action according to the

decision maker’s preference.
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Section 7.2 on page 199: Add the following sentence to the end of the first

paragraph of Section 7.2:

However, it should be mentioned that methods proposed in this thesis are
subject to further testing in practice and necessary refinement, before they

can be used by engineers as a useful tool in dealing with structural defects.
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