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PROBABILITY-BASED STRUCTURAL FIRE LOAD

In the structural design of airframes and buildings, probability-based
procedures are used to mitigate the risk of failure as well as produce
cost-effective designs. This book introduces the subject of probabilistic
analysis to structural and fire protection engineers and can also be used
as a reference to guide those applying this technology.

In addition to providing an understanding of how fire affects
structures and how to optimize the performance of structural framing
systems, Probability-Based Structural Fire Load provides guidance for
design professionals and is a resource for educators.

The goal of this book is to bridge the gap between prescriptive and
probability-based performance design methods and to simplify very
complex and comprehensive computer analyses to the point that
stochastic structural fire loads have a simple, approximate analytical
expression that can be used in structural analysis and design on a day-
to-day basis. Numerous practical examples are presented in step-by-
step computational form.

Leo Razdolsky has more than fifty years of experience in structural
engineering, including the design of high-rise and mid-rise buildings,
field inspections, and construction management. His specialty projects
include stadiums, cable structures, exhibition halls and pavilions,
restoration and rehabilitation of buildings, power plants, cooling towers,
and bridges. He also has experience in computer modeling, wind-
tunnel-testing analysis, dynamic analysis of structures, seismic design,
and complex-foundation-systems analysis and design. Dr. Razdolsky
has been teaching various structural engineering courses for more than
fifteen years at the University of Illinois at Chicago and at Northwestern
University. For the past ten years, he has been conducting research on
the analytical methods of obtaining the structural fire load and on
high-rise building designs subjected to abnormal fire conditions. He is
currently a member of the Fire & Safety Working Group at the Council
on Tall Buildings and Urban Habitat (CTBUH).
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Foreword

As building designers, we constantly look for ways to improve the economy and
reliability of our designs. In recent years, this has led to a move away from prescriptive
criteria and toward a performance-based design methodology.

Application of performance-based design methodologies is evolving quickly in
several fields of structural engineering, for example, seismic engineering. Advances
in computational tools and capabilities, the continued collection of data from
natural events, and the continued physical testing of components subjected to
these conditions have made possible the development of more rigorous analysis
and simulation techniques. These techniques provide a means to more accurately
and rationally evaluate the performance of structures under a set of imposed
circumstances.

In buildings, fire has always been a major concern. Engineers working in the field
of structural fire loads and fire protection engineering in the evaluations of structures
continue to advance the field through research, testing, and more sophisticated
performance-based methodologies and acceptance criteria. Traditionally, the fire
protection of structures has been one of the most prescriptive of all the processes
used in the design of a building. Fire engineering will benefit greatly from a transition
to a performance-based approach. In recent years, there have been great strides in
this field, but there is still a long way to go.

Performance-based design within fire protection engineering has been a topic
of in-depth study for Dr. Leo Razdolsky. I have known Dr. Razdolsky for more
than 25 years. We first met when he was with the City of Chicago Department of
Buildings, where he eventually led the city’s structural engineering team. He has a
strong theoretical background but is well grounded in the practical aspects of the
profession. Probability-Based Structural Fire Load is his latest book. In conjunction
with its predecessor, Structural Fire Loads, it is his addition to the progress of
performance-based design in the fire protection engineering field.

William F. Baker, PE., S.E.
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Preface

The author is pleased to present Probability-Based Structural Fire Load. This book
will serve a wide range of readers, in particular, graduate students, professors,
scientists, and engineers. Thus, the book should be considered not only as a graduate
textbook but also as a reference handbook to those working or interested in areas
of applied probability in continuum mechanics, stress analysis, and fire protection
design. In addition, the book provides extensive coverage of a great many practical
problems and numerous references to the literature.

The goal of the book is to bridge the gap between prescriptive and probability-
based performance design methods and to simplify very complex and comprehensive
computer analyses to the point that stochastic structural fire loads have a simple
approximate analytical expression that can be used in structural analysis and design
on a day-by-day basis. The main audience is practicing structural and fire prevention
engineers. The scope of the work is broad enough to be useful to practicing and
research engineers and to serve as a teaching tool in colleges and universities.

The book contains a large amount of original research material as well as
substantially modified and increased material from his previously published
articles. At the same time the book contains many other results obtained by other
researchers, primarily reflecting the most important data in the area of statistical
structural analysis. It is worthwhile to underline here that the structural fire load
in general as part of the performance-based method is evolving very rapidly,
and the author has limited himself to only very few research papers connected
with the probabilistic structural fire load. The main portion of the book is devoted to
the applied probability methods and simplifications that are specifically tailored to
the structural fire load problem only.

This book is based on many years of experience of teaching applied probability
theory at higher educational establishments. It contains many of the problems the
author himself has encountered in his research and consulting work.

The text is divided into seven chapters, each of which begins with a short
theoretical introduction followed by relevant formulas. The problems differ both in
the fields of application and in difficulty. At the beginning of each chapter, the reader
will find comparatively simple problems whose purpose is to help the reader grasp
the fundamental concepts and acquire and consolidate the experience of applying
probabilistic methods. More complicated applied problems, which can be solved

Xi
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Xii Preface

only after the requisite theoretical knowledge has been acquired and the necessary
techniques mastered, then follow.

The author has avoided the standard typical problems that can be solved
mechanically. Many problems may prove difficult for both beginners and experienced
readers alike. In the interest of the reader, most of the problems have both answers
and detailed solutions, given immediately after the problem rather than at the end of
the book. This structure is very convenient and justified itself in Structural Fire Load,
which was written in 2012.

The author believes that statements and detailed solutions of nontrivial
problems that demonstrate certain techniques of problem solving are particularly
interesting. The aim is not just to solve a problem but to use the simplest and most
general techniques. Some problems have been given several different solutions. In
many cases a method of solution used has a general nature and can be applied in
several fields. The author has paid particular attention to the fact that the statistical
database is presented in dimensionless form (the original deterministic equations
of conservation of energy, mass, and momentum are dimensionless!), therefore the
probability-based results (such as mean and standard deviation values and other
numerical characteristics of stochastic structural fire load) make it possible to solve
a number of problems with exceptional simplicity. The applied problems using the
theory of Markov stochastic processes have been given the greatest consideration.

Probabilistic structural analysis methods provide a means to quantify the
inherent risk of a design and assess the sensitivities of design variables. This book
is intended to introduce the subject of probabilistic analysis to the structural and
fire protection engineering industry as well as to act as a reference to guide those
applying this technology. The solutions in many cases are presented in the “best-to-
fit” analytical forms ready to be used for practical computations.

The deterministic structural analysis approach to the mathematical modeling
of structural fire loads is described in Chapter 1, and its shortcomings are pointed
out. Probability-based first- and second-order reliability methods (FORM/SORM)
development is described in detail, along with associated structural safety design
applications. An in-depth explanation of the necessity of implementation of such
methods in the structural engineering industry is given, along with some practical
examples. The chapter concludes with a consensus of potential benefits as well as
potential issues of concern that must be addressed by those using these stochastic
analyses. When using a probabilistic approach to design, the designer should no
longer think of each variable as a single value or number. Instead, each variable
should be viewed as a probability distribution. From this perspective, probabilistic
design predicts the flow of variability (or distributions) through a system. By
considering this flow, a designer can make adjustments to reduce the flow of random
variability and improve quality. Proponents of this approach contend that many
quality problems can be predicted and rectified during the early design stages and at
a much reduced cost.

Chapter 2 presents the required information regarding probability space def-
inition, probability of a fire event, mutually exclusive events, discrete and continuous
random variables distributions, etc. This chapter is written as an introduction to
applied probability theory enriched with numerous examples, exercises, and
applications, mostly related to the structural and fire protection engineering fields.
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Preface Xiii

Functions of random variables and their distribution, the stochastic equivalent
linearization procedure for estimating the mean and variance of a nonlinear system
to random variables, and a confidence interval definition as a type of interval
that estimates population of random parameters and is often used in reliability
computations (along with some statistical data processing information) are also
presented in this chapter.

In Chapter 3 a fire event is presented as stochastic (random) processes. If in
Chapter 2 the discrete and continuous random variable distributions are the tools for
analyzing the maximum values of dimensionless temperature load due to a fire event
(the probabilistic approach used often in wind and seismic structural analyses and
practical design calculations), then the random autocorrelation functions approach
in this chapter is a necessary tool to solve the probabilistic problems connected with
the so-called “first-occurrence time problem and the probability density P (a, t). This
type of random function problem allows the structural engineer to compute also the
number of times the dimensionless temperature accedes a given level a (the area
between this level and the curve above) — all additional statistical information needed
to describe in detail the structural fire load due to given fire event.

In the simple case of discrete time, a stochastic process amounts to a sequence
of random variables known as a time series (for example, a Markov chain). This is
a very powerful tool that is used not only in theory of stochastic processes but also
in a mass service theory, part of which comprises the probabilistic approach to the
building evacuation process in case of fire or any other emergency situation (for
instance, a bio-chemical terror attack), in moving fires investigations and analysis,
progressive (or partial) collapse of the structural system analysis, probabilistic
optimum reliability design etc. The large portion of this chapter is devoted to
Markov chain problems via numerous examples from structural and fire prevention
engineering fields.

Chapters 4, 5, 6, and 7 are similar from an ideological point of view, since they
describe the practical aspects of creating the statistical data from the deterministic
solutions of conservation of energy, mass, and momentum equations (for each fire
severity case: very fast, fast, medium, and slow fire, respectively). The main topics
that are discussed in these chapters are as follows: the C.A. Cornell methodology of
application of first-order reliability method (FORM) and second-order reliability
method (SORM) in case of fire; probability-based limit states design; the structural
reliability; probability of failure; another interpretation of the reliability index ff based
on applied theory of random functions and its application to the fire development
process modeling; the confidence interval and its application to risk management
design etc. However, not all of the topics are repeated in each of these chapters.
The author has decided to have core elements (such as creating the statistical data,
the (FORM) method, the confidence interval method, autocorrelation functions
application, etc.) in each chapter (for each fire severity case). However, some of
them such as life-cycle cost (LCC) parametric dimensional analysis are located
only in Chapter 5; proof of ergodicity is presented in Chapters 4 and 5 only; and
in Chapters 6 and 7 autocorrelation functions are constructed based on the fact
that the stochastic processes in these cases are in fact ergodic; the application of
probability-based method to the thermo-diffusion problem (passive insulation
design) is presented in Chapter 6 only; the application of probability-based structural
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Xiv Preface

fire load to regular structural engineering analysis (standard structural systems:
beams; frames; trusses and arches) are presented in Chapter 7. Obviously the author
assumes that the professional engineer can easily adapt the methodology to any
particular fire severity scenario case.

Overall, the book has a large number of practical examples (for fire protection
and structural engineering design) that are presented in a simple step-by-step
computational form.
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