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1
INTRODUCTION

C. (RA)) SUNDARARAJAN

Probabilistic structural mechanics (PSM) is an evolving and expanding field within structural engi-
neering. The past four decades have seen significant advances in this field and still considerable research
and development activities are in progress. This handbook presents a comprehensive set of chapters
dealing with the wide spectrum of topics in the theory and applications of probabilistic structural
mechanics.

The first 20 chapters deal with basic concepts and methodologies of probabilistic structural mechan-
ics. Each of these chapters contains a tutorial-type discussion of the subject and highlights of advanced
developments. A comprehensive list of references is included in each chapter. Interested readers may
obtain more detailed information from these references. The final 10 chapters deal with the applications
of probabilistic structural mechanics in various industries and for various types of structures. A list of
references is provided in each of these applications chapters also.

The stress—strength interference method is one of the earliest methods of structural reliability
analysis. Although more advanced and less restrictive methods of reliability analysis have been devel-
oped in recent years, the stress—strength interference method is still widely used in many industries
because of its simplicity and ease of use. Chapter 2 discusses this method and provides a table of useful
formulas for the quick and easy computation of structural reliability.

The first-order and second-order reliability methods (FORM and SORM) provide attractive math-
ematical tools for the reliability analysis of a wide class of problems. Although these methods are
computationally more involved than the stress—strength interference method, they are less restrictive,
require less simplifying assumptions, and are valid for a broader class of problems. FORM and SORM
are the subjects of Chapter 3. The first-order second moment (FOSM) method and the advanced mean
value (AMV) method are also discussed therein.

Monte Carlo simulation (MCS) has long been used for the solution of probabilistic and statistical
problems in many fields of engineering, science, and mathematics. This method has also been used for
probabilistic structural analysis for many years. Although MCS is versatile and can solve virtually any
probabilistic structural mechanics problem that has an underlying deterministic solution, the cost of the
analysis is prohibitively high for complex problems, especially if very low probabilities are involved.
A number of variance reduction techniques (VRTs) have been developed during the past two decades

1



2 Introduction

to reduce the required computational effort. Advances in computer hardware have also brought down
the cost of computing. Thus the advances in computer hardware and developments in variance reduction
techniques have made it possible to perform probabilistic analyses of many complex structural engi-
neering problems at reasonable cost. Simulation-based reliability methods is the subject of Chapter
4. Direct Monte Carlo simulation and variance reduction techniques such as the importance sampling
method, stratified sampling method, adaptive sampling method, Latin hypercube sampling method,
antithetic variates method, conditional expectation method, generalized conditional expectation method,
and response surface method are discussed.

Probabilistic analysis techniques such as FORM, SORM, and simulation can be combined with
classic finite element analysis to solve a variety of probabilistic structural mechanics problems. Chapter
5 discusses the probabilistic finite element method. Applications of the method to linear and nonlinear
response analysis and reliability assessment are discussed. A brief discussion of the probabilistic bound-
ary element method is also presented, with an application to reliability assessment.

Methods of structural reliability analysis discussed in Chapters 2 to 5 are applicable to any type of
failure mode—yielding, plastic collapse, excessive deformation, buckling, fracture, fatigue, creep, etc.
Some surveys indicate that approximately 80% of all structural failures may be attributed to fracture
and fatigue. The random scatter in fracture and fatigue properties of structural materials is usually even
wider than that in other material properties. So probabilistic methods are especially apt for fracture and
fatigue analyses. Probabilistic fracture mechanics and probabilistic fatigue analysis are the topics
of Chapters 6 and 7, respectively. Material properties and methods of analysis are discussed with
applications.

The preceding chapters deal primarily with the reliability of individual structural components. How-
ever, there are many structures that consist of a number of structural components (structural members).
A typical example is an offshore oil platform consisting of many dozens of tubular members. Damage
or failure of a single member due to accident or deterioration may not necessarily mean the failure of
the structure. If the structure has redundancies, it may still be able to carry the loads, but at a reduced
level of reliability (residual reliability). Chapter 8 discusses the probabilistic analysis of structural
systems, that is, structures composed of many members. In addition to describing methods of reliability
analysis, the chapter also discusses wide-ranging topics such as the development of design code rules
to include redundancy effects, requalification of existing structures to carry higher than design loads,
reliability optimization, and the assessment of residual reliabilities of structures after an accident or
after years of aging in a corrosive or other hostile environment.

Chapter 9 considers structural reliability within the context of the reliability and risk assessment
of engineering systems. An engineering system, for example, an industrial plant, consists not only of
structures but also of mechanical, electrical, and electronic components and equipment. The structural
reliabilities should be considered within the ‘‘global framework’” of the engineering system. Failure of
a single structure in a system may not necessarily produce system malfunction or failure because of the
redundancies built into most systems. Two or more structural failures or a structural failure and one or
more nonstructural component failures may be necessary. Therefore structural failures and their prob-
abilities are best considered within the totality of the system and not as an isolated incidence. Reductions
in structural failure probabilities and the benefits of such reductions in terms of increased system reli-
ability or reduced system risk should be considered within the context of the system as a whole. In
fact, structures in a system or plant can be ranked according to their importance to system reliability
and the higher-ranked structures can be designed to higher reliability levels or inspected and maintained
at more frequent intervals to achieve higher reliabilities. Methods of system reliability analysis such as
failure modes and effects analysis, fault tree analysis and event tree analysis, and methods of ranking
structures are discussed in Chapter 9. A number of applications in which structural reliabilities play an
important role in the overall engineering system reliability are also presented.
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Chapters 2 to 8 consider only (or at least principally) the random variations in physical quantities
such as material properties, structural parameters and loads, and their effects on structural performance
and reliability. Human errors in design, construction, fabrication, and maintenance can also affect
structural performance and reliability. In fact, human error could be a more significant factor than
random variations in physical properties. Human errors and their effects on structural reliability is the
subject of Chapter 10.

Structural performance and reliability can be improved by a preservice inspection and then periodic
in-service inspections during the life of the structure. Nondestructive examination techniques such
as magnetic particles, radiography, acoustic emissions, eddy currents, and ultrasonics are used. These
examination techniques are not 100% correct every time. They may miss a flaw present in the struc-
ture or give a false alarm. In order to use the results of nondestructive examination effectively and
correctly in the reliability assessment of structures, a knowledge of the reliability of nondestructive
examination techniques is essential. Reliability of nondestructive examination techniques is discussed
in Chapter 11.

Probabilistic structural mechanics is expanding and evolving by adapting new theories and techniques
emerging in other fields of engineering and sciences. Chapters 12 to 14 discuss three such areas of
development, namely, expert opinion surveys, fuzzy set theory, and neural networks.

Expert opinion has been used in military intelligence, economics, medicine, and weather forecasting
with differing levels of success. Expert opinion is used in probabilistic structural mechanics when
structural failure probability prediction through statistical analysis of historical failure data or through
structural reliability analysis techniques such as those discussed in Chapters 2 to 8 is impossible, im-
practical, or prohibitively expensive. The considerable amount of research done in other fields of ap-
plications has been adapted for use in probabilistic structural mechanics. Much of the use of expert
opinion in probabilistic structural mechanics is for applications in the nuclear power industry, but the
gas industry has also used expert opinion to estimate failure probabilities of interior gas piping in
residential and commercial buildings. Expert opinion surveys are the subject of Chapter 12. Methods
of conducting expert opinion surveys and the analysis and aggregation of expert opinions are discussed.

Fuzzy set theory is a new branch of mathematics (circa 1965). Although the classic deterministic
and probability theories of mathematics are suited for the analysis of quantitative (numerical) infor-
mation, fuzzy set theory is best suited for the analysis of qualitative information. For example, it is
difficult, if not impossible, to provide a probability distribution for the quality of workmanship in a
construction project. But an experienced construction engineer may be able to characterize it qualita-
tively as “‘excellent,”” “‘good,”” “‘acceptable,”” or ““poor.”” Such subjective, qualitative information can-
not be incorporated in the structural reliability analysis, using probability theory. But fuzzy set theory
can be used for this purpose. Chapter 13 discusses the fundamental concepts of fuzzy set theory and
its applications in probabilistic structural mechanics. The first impression many structural engineers
have of fuzzy set theory is that it is of no practical use in probabilistic structural mechanics. But if one
approaches it with an open mind, he or she may find it to be a useful tool to complement probability
theory. We purposely included a chapter on fuzzy set theory and its applications in this handbook in
order to create an interest in the subject among probabilistic structural mechanics researchers. This area
of probabilistic structural mechanics is still in early stages of development and much work is yet to be
done.

The most recent advance in computer software technology is meural networks. Use of this new
technology in probabilistic structural mechanics is the subject of Chapter 14. This area of probabilistic
structural mechanics is still in its infancy and much work is yet to be done. The pioneering application
and results presented in the Chapter show the potential of neural networks in probabilistic structural
mechanics.

Chapters 15 to 18 discuss applications of probabilistic structural mechanics in design codes devel-
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opment, structural optimization, in-service inspection planning, and life expectancy prediction. These
generic applications cross industry lines and structural types. They are applicable to any type of structure
in any industry—whether buildings or bridges, nuclear plants or naval vessels, equipment supports or
aircraft structures.

Most of the current design codes are based on deterministic principles. However, the random vari-
abilities in structural strength and loads are recognized and are implicitly considered by specifying a
safety factor between nominal strengths and nominal loads. Safety factors are specified on the basis of
the collective judgment of the code developers. Although these safety factors have served society well
by providing for the design of safe structures, failure probabilities of structures designed according to
these codes are not known (without performing a structural reliability analysis). There is no one-to-one
relationship between the safety factor and structural reliability; the latter depends not only on the safety
factor but also on the load—response relationships, failure criteria, and random variabilities in material
properties and loads. Therefore structures designed to the same code specifications do not necessarily
have the same level of reliability; some structures are overdesigned (higher reliability) and some are
underdesigned (lower reliability). Probability-based design codes attempt to derive code specifications
that would result in an approximately uniform level of reliability for all structures designed according to
the code. Chapter 15 discusses the basic philosophy and development of probability-based design codes.

Code-based designs are acceptable for the vast majority of structures. But there are special situations
in which minimum weight designs or other types of optimal designs are important. For example, min-
imum weight design is of interest in aircraft structures, not only because of the initial material savings
but also because of fuel savings throughout the life of the aircraft. Special structures such as space
stations, which are not governed by any design code, may also be designed to achieve maximum
reliability within budget constraints. Reliability-based structural optimization is the subject of Chapter
16. Optimization techniques are described with illustrative examples. Although reliability optimization
techniques are well developed, they have not yet found inroads into industrial applications.

Periodic in-service inspections are an important part of maintaining the reliability of operating struc-
tures above specified levels even as time progresses and the structures age. Because the very purpose
of in-service inspections is to maintain an adequate level of reliability over the service life of the
structure, setting the inspection interval on the basis of reliability analysis is a logical step. Unlike the
conventional practice of specifying inspection intervals on the basis of past experience and engineering
judgment, reliability-based (or risk-based) inspection strategies are more rational and the structure is
neither overinspected nor underinspected; the inspection interval is just sufficient to maintain the re-
quired level of reliability. Chapter 17 discusses the use of probabilistic structural mechanics in inspection
and maintenance planning.

The infrastructure and industrial facilities built during the 1950s and 1960s in the United States and
many other countries are aging and deteriorating. Estimation of the remaining life and methods for
extending the life are becoming increasingly important. Probabilistic methods are well suited for life
expectancy prediction and life extension planning. Even if a structure has reached the end of its design
life (on the basis of the original design calculations), it does not necessarily mean that the structure is
unsafe or unfit for service. Probabilistic methods can be used to compute the reliability at the end of
design life, and if this reliability is at an acceptable level the structure could continue in service. Even
if the structural reliability is reaching close to unacceptable levels, life extension strategies such as
improved or more frequent inspection and maintenance or strengthening of selected structural members
could be instituted and their beneficial effects on the reliability of the structure could be quantified by
probabilistic structural analysis. Probability-based life prediction is the subject of Chapter 18.

Chapters 19 and 20 deal with the reliability of structures during natural disasters such as earth-
quakes, tornadoes, and hurricanes. Although earthquake loads and wind loads are included in most
design codes, severe earthquakes and extreme wind conditions well above design levels can occur,
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although very infrequently, and cause widespread damage to structures. Consequences are not only
property damage but also injuries and loss of life. Insurance companies have to consider the probabilities
and consequences of natural disasters. Government agencies and industries have to consider the damage
to critical facilities and the potential consequences to public health and the environment. Thus the
estimation of the probability of occurrence of natural disasters, probability of structural damage during
such events, and the overall risk due to such damage are of interest. These topics are discussed in
Chapters 19 and 20 with reference to earthquakes and extreme-wind events, respectively.

Probabilistic methods of structural analysis are now used in a broad spectrum of industries. Some
industries have probabilistic concepts integrated into the design codes whereas in many other industries
probabilistic methods are used to resolve special problems. Chapters 21 to 26 discuss applications of
probabilistic structural mechanics in a number of industries.

The nuclear power industry is one example in which probabilistic structural mechanics is used to
resolve special problems and licensing issues. Also, structural failure probabilities have been combined
with mechanical, electrical, and electronic component failure probabilities to predict the public risks
due to commercial nuclear plant operations. Probabilistic structural analysis is also used to investigate
the adequacy of the codes, regulations, and procedures used in the design of nuclear power plant
structures. In-service inspection planning is yet another application. These and other applications in the
nuclear power industry are discussed in Chapter 21.

Chapter 22 discusses applications to pressure vessels and piping. The impetus for the use of prob-
abilistic structural mechanics in pressure vessels and piping came from safety concerns in the nuclear
power industry. The probabilistic methods developed by the nuclear power industry have also been
adapted for applications to nonnuclear pressure vessels and piping. Both nuclear and nonnuclear appli-
cations are discussed in Chapter 22. Applications discussed include the resolution of safety issues in
nuclear power plants, remaining life prediction, evaluation of life extension strategies, minimum weight
design, and in-service inspection planning.

The use of new, advanced composite materials, the ever-increasing performance demands, and the
need for high reliability and safety during missions have all been the impetus for the application of
probabilistic structural mechanics in the military aircraft industry. The commercial aircraft industry is
also following suit. Applications of probabilistic structural mechanics in the aircraft industry is the
subject of Chapter 23. In addition to the usual reliability computation from load and material property
statistics, reliability evaluation of complex, built-up structures on the basis of certification test results
and the failure probability analysis of a fleet of aircraft using flight hour and field inspection data are
also discussed. With cuts in military budgets and economic crunch in the aviation industry, aircraft are
being used beyond their initial design life. Life prediction is also discussed in the chapter.

As with military aircrafts, military naval vessels have also to meet increasing performance and
reliability demands. A number of research projects on the use of probabilistic methods are ongoing.
The commercial ship industry is also taking notice. Chapter 24 discusses the probabilistic analysis of
ship structures. Applications in design, in-service inspection, and life prediction are discussed.

The offshore oil production industry has been in the forefront of developing and using probabilistic
methods of structural analysis and design. As oil platforms move into deeper and deeper waters, new
structural concepts and construction technologies are being used. Together with concerns about oil spills,
workers safety, and the economic impact of platform damage, these factors prompted interest and
research in the use of probabilistic structural mechanics to design and operate safer, more reliable, and
more economical offshore platforms. Chapter 25 discusses this subject. Fatigue reliability assessment,
incorporation of in-service inspection findings to update reliability estimates, reliability optimization,
requalification of older platforms, and probability-based design codes are some of the topics discussed
in the chapter. It is estimated that the use of probabilistic methods has saved the oil industry hundreds
of millions of dollars in the design and operation of offshore platforms.
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Use of probabilistic methods in the analysis, design, and maintenance of bridges has been the subject
of research for many years. Many thousands of bridges in the United States and other countries are
aging. Their remaining lives have to be estimated and in the majority of cases the older bridges have
to be renovated or new bridges built. Probabilistic structural mechanics could play a vital role in the
life expectancy prediction, renovation, and new construction. A comprehensive discussion of the appli-
cations of probabilistic methods to design, reliability assessment, inspection planning, and life prediction
of bridges is provided in Chapter 26.

Chapters 27 to 30 discuss probabilistic structural mechanics applications in steel, concrete, timber,
and ceramic structures, respectively.

Use of probabilistic methods in steel structure design is now well matured. Probability-based codes
(load and resistance factor design [LRFD] codes) are in use in the United States, Canada, and many
European countries. Chapter 27 discusses and comments on LRFD code rules for steel structures.
Material properties data and some results from simulation-based reliability assessment are also presented.

Probabilistic approaches to the design of concrete structures is also well developed and LRFD
codes are in use in the United States and elsewhere. Concrete structures are the subject of Chapter 28.
In addition to a discussion of LRFD code rules, a Bayesian approach for estimating the compressive
strength of in situ concrete in existing structures is presented. Safety assessment of aging infrastructure
and industrial facilities requires an estimate of the strength of existing concrete structures and this
Bayesian approach is an effective and economical method for such estimates.

Studies on the use of probabilistic methods for timber structure design have been ongoing for about
two decades and probability-based design codes have been developed. Timber structures are the subject
of Chapter 29. Material properties, probability-based design codes, and reliability assessment of struc-
tural members, connections, wood joist floors, wood stud walls, trusses, bridges, and transmission poles
are discussed.

Ceramic structures are being used increasingly in many applications in which high temperature and
corrosion resistance are important. Applications of probabilistic methods to ceramic structures are not
as mature as in steel or concrete structures. However, probabilistic methods are well suited for ceramic
structures because of the wide scatter in material properties relevant to the dominant failure mode—
brittle fracture. The application of probabilistic structural mechanics to ceramic structures is the subject
of Chapter 30. Material properties, probabilistic analysis of brittle fracture, and development of lifetime
diagrams are discussed.

The editor believes that this handbook will serve not only as a useful reference book but also as a
catalyst for interactions between researchers and applications engineers, and among applications engi-
neers in different industries. Such interactions should be conducive to creating an environment for basic
and applied research that would meet the current and projected needs of the applications engineers. We
have purposely included both theoretical and industrial applications chapters in this handbook, so that
practising engineers would be exposed not only to applications in their respective industries but also to
recent advances in probabilistic methodologies and computational tools and be tempted to use them in
their projects. Also, this book could promote cross-industry fertilization whereby engineers from one
industry learn about applications in other industries and adapt them for their own applications. As an
example, there are methods and software used in offshore structures design and maintenance that would
lend themselves easily to applications in aircraft structures or pressure vessels and piping.

This book also exposes researchers, professors, and graduate students to probabilistic structural me-
chanics applications in a wide spectrum of industries. This exposure would help them identify future
research and training needs, as applications of probabilistic structural mechanics are broadening in scope
and increasing in numbers.

The initial impetus for probabilistic structural mechanics applications has been safety concerns. With
increasing public demand for safer products and safer industrial operations, use of probabilistic methods



