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Preface to the Fourth Edition

This fourth edition stands on the shoulders of the first three editions, so I have included
large excerpts from their prefaces once again. These detail the steps taken—and the themes
developed—to reach this point. The acknowledgments found in the third edition are still valid
too, so they are also included. At the end of this preface I express my thanks for the additional
help provided for this present text.

The third edition was just under 1,000 pages in length, so it was clearly undesirable to
create a longer, single volume, fourth edition. Experience in conducting bolting seminars, and
through contacts with readers has shown, furthermore, that the audience for this text comes
in two flavors. Many users deal primarily with gasketed, pressure vessel, and piping joints.
The rest deal with the types of non-gasketed joints found in the auto, aerospace, structural
steel, heavy equipment, mass production, and other industries. So it was decided that this
fourth edition should be published in two volumes, one for each group. It was further decided
that Volume 2, for gasketed joint users, should be coauthored by me and by Jim Payne. Jim is
an internationally recognized expert in PVP joints, and is very active in ASME, the Pressure
Vessel Research Council, and other groups that sponsor research and write standards dealing
with gasketed joints. Jim will write all of the chapters whose focus is the gasketed joint. I will
contribute those chapters pertinent to any bolted joint: on the basic behavior of joints and
bolts, on materials, on threads, on torque and other preload control means, on failure modes
common to gasketed and non-gasketed joints, etc. This generic material will also, of course,
be included in the volume designed for those dealing with non-gasketed joints, so there will be
a great deal of redundancy between the two volumes. We expect that only a few readers will
need or want both volumes.

Previous editions have been used by practicing engineers, and have rarely if ever been used
as a classroom text. An attempt has been made this time to make it more attractive not only to
people in the field but also to teachers. A set of problems or exercises has been included at the
end of each chapter. Answers to these will be found in the Appendix. All of the information
required to answer the questions or do the exercises can be found in the book, either in the
text or in the tables of data found in the Appendices. In fact, many of the exercises have been
designed to force the student to search for information or data not in the chapter containing
those exercises but elsewhere in the book, to encourage him to learn how to use the book
more effectively. These exercises should also help to fix the material in the mind of a home-
based student. An attempt has also been made to create a leaner, meaner text: long winded
historical discussions, redundancies, irrelevancies and the like have been excluded this time so
that basic ideas, data, and themes will be easier to find and use. The overall goal is a useful
text that can also be used for training purposes.

Much material has been eliminated, but a lot of new information has been added. This is
scattered throughout both volumes and generally involves an update of material already
included in the previous edition. These updates are based on the latest revisions to various
bolting standards, on information obtained from colleagues who are active in the field, and
from that wonderfully helpful source of information that was not available to me when I
created previous editions—the Web. The latter is so useful that, in several places including the

XXix
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Appendices, I've given the addresses of many Web sites you will find especially useful when
working with or studying bolted joints.

There are no new chapters in this Volume 1. Changes and additions have sometimes only
required a sentence or two, more frequently a new paragraph, and occasionally a couple of
pages. New information includes such things as revised designations for several bolting
materials; new products and procedures to fight self-loosening; new ways to control preload,
including the SquirterTM, a tension-indicating washer; new ultrasonic equipment for meas-
uring bolt stretch or preload, including a plasma-coated, thin-film, ultrasonic transducer; a
NASA procedure for selecting preload for space shuttle bolts, revised specifications and
definitions for the design of joints loaded in shear; and current practices and tools for mass
production bolting.
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Once again—to the surprise of both of us—my MIT classmate, architect, wife, and love of
my life, Anne, has had to put up with a distant and preoccupied husband for a whole year.
I could never have done it without her tolerant cooperation for which I am extremely grateful.
This is definitely the last time I do this to you, Anne.

XXXi
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Preface to the Third Edition

Although their exact birth date is unknown, it’s certain that threaded fasteners have been
around for at least 500 years. They’re still the fastener of choice when we want an easy and
relatively low-cost way to assemble anything from a frying pan to a satellite. They’re virtually
our only choice if we want to create a specific clamping force to hold a joint together. The bolt
and its cousins are, in fact, marvelously simple mechanisms for creating and maintaining this
force. And, of course, there’s no better fastener if we also need to disassemble and reassemble
something for maintenance or other purposes. Considering its tenacious hold on life and its
persistent popularity, it’s interesting that we still don’t know all we’d like to about the bolt, or
about the bolted joint and the way it behaves in service. Until a few years ago, moreover, most
engineers knew virtually nothing about these things, and an “introduction” seemed in order.
The response to the first and second editions of this text seems to confirm that premise. The
number of engineers who know the basic concepts of joint behavior, however, has grown
substantially; if my seminar students are any indication. The time has come, therefore, to deal
with the subject in greater depth than in previous editions. As a result, this third edition
contains far more specific information concerning design and behavior; with many new
equations and numerical examples. For example, three new chapters, 21-23, are devoted
specifically to design, covering joints loaded in tension, gasketed joints, and joints loaded in
shear. In addition, several other chapters have been expanded to include specific design
procedures or recommendations.

A lot of this new material—especially that dealing with joints loaded in tension—is based
on a modified version of the design procedure defined some years ago by the German
engineering society Verein Deutscher Ingenieure (VDI). I have modified their equations to
account for—or at least to make more visible—such phenomena as elastic interactions, gasket
creep, and differential thermal expansion, which can have a major impact on joint life and
behavior. My debt to VDI, however, is substantial. If I have misinterpreted or misrepresented
them, the fault is mine and I apologize.

This edition also contains a detailed discussion of the new gasketed joint design procedure
developed by the Pressure Vessel Research Committee (PVRC) and now being incorporated
into the ASME Boiler and Pressure Vessel Code. This procedure is based on the new gasket
factors developed by the PVRC, and I have included the most recently published list of these
factors. I have also shown, in a numerical example, how to use the new factors, and how
the results obtained compare with the results of calculations based upon the historical Code
procedure. Chapter 22, on the design of gasketed joints, also includes a discussion of alternate
design procedures suggested by other people or groups in Europe.

Chapter 19 deals separately with the behavior of gaskets and contains much new material
on important gasket properties such as creep and blowout resistance. Gasket test procedures
and the new gasket rating factors proposed by the PVRC are also discussed at length for the
first time.

Chapter 23, on the design of shear joints, is based on both VDI techniques and the design
recommendations of the AISC, with the latter being more useful and informative for this type
of joint. As in the other chapters on design, I have included numerical examples, this time for
the design of friction-type, bearing-type, and eccentrically loaded joints.
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Other new material in this edition includes Chapter 3, on threads configurations, nomen-
clature, and strength, as well as additional material in Chapters 6, 15, 16, and 17, dealing with
joint assembly, fatigue, self-loosening, and corrosion.

This edition, like the previous ones, is based almost entirely upon the work of others, as
shown by the many references cited at the end of each chapter. Each and every one of those
authors deserves my respect and my thanks. Many of those who contributed the most to my
education are listed in the following acknowledgments. My current debt is so broad, however,
that I’ll let the references serve for this edition.

I do, however, want to add an acknowledgment that I should have included in both the
first and second editions: my debt to my publisher. I owe a great deal to Graham Garratt, vice
president and publisher, who first suggested that I write such a text, and who later convinced
me that a second and now a third edition were desirable. Writing a book is not a trivial task,
and I probably would not have attempted it without his gentle urging and continued support.

Revising a text, I was surprised to find, is more challenging than writing one. Correcting,
updating, and improving a text while adding new material could challenge more nimble minds
than mine, and here I have been blessed with the friendly and helpful guidance of Walter
Brownfield, who supervised the production of both the second and third editions.

So, my thanks to both of these people at Marcel Dekker, Inc. and to the many engineers
and scientists listed in the references.
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Preface to the Second Edition

When I wrote the first edition of this book, most people, including most engineers, were
generally unaware of the importance of the bolted joint in our high-tech world. The few who
were experts were often considered remnants of that previous age when large iron and steel
railroads, ships, tractors, and bridges first evolved.

In recent years, however, a series of newsworthy events, many of them tragic, have made
us realize that the threaded fastener still plays a major role in our lives. Oil drilling platforms
have tipped over, airplane engines have failed, roofs have collapsed, and astronauts have died
because of bolted joint failures. The Nuclear Regulatory Commission has declared “bolting”
to be an “unresolved generic safety issue with number one priority,” even though no bolt-
related accidents or equipment failures have occurred in that industry. And, most recently, the
realization that substandard or counterfeit bolts are flooding the country, with safety impli-
cations for our defense, and our nuclear, aerospace, auto, and other industries, has led to
congressional hearings and has even been reported on network television.

Even though our general awareness has been raised, the technology of bolted joints is still
in its infancy. We know a lot more than we used to (some of that new knowledge is reflected in
this new edition), but we still have a long way to go. Like weather forecasters, bolting engineers
must still deal with very large numbers of unknowns and variables. As a result, our predictions
and attempts to solve or prevent problems must often be based on past experience, trial and
error, overdesign, and so forth, as in the past, rather than on the hard-and-fast answers so
preferred by engineers.

Each of us, however, can benefit from the prior experience, the success and failure of
others. Years ago, I designed a bolted joint seminar based on the material in the first edition.
This seminar, which is still being given, has been sponsored by Raymond Engineering, the
University of Wisconsin, and most recently by the ASME. Students have been drawn from
the automobile, aerospace, power, marine, heavy equipment, and other industries that face
bolting problems. The students have included people who design, build, and use bolted
equipment. And I think that, over the years, they have contributed as much to my education
as I have to theirs, offering tips, suggestions, and examples of things that have worked and
have not worked. Their questions and problems have certainly forced me and the other
instructors to dig more deeply than we might have into the literature and elsewhere, to try
to shed light on some of the problems that still plague us.

Much of that digging is reflected in this new edition, in which I have attempted to include
information that will answer the most commonly asked questions. The first edition, I'm
afraid, raised as many questions as it resolved, and, although neither I nor anyone else at
the present has all the answers to the questions that face bolting engineers, I have attempted
to include far more concrete tips and suggestions and data than I did in the earlier edition.

The new material in this edition includes the following.

Specific suggestions for optimizing the results obtained when assembling bolted joints.
Tips are given for assembly procedures based on torque control, torque—turn control, turn of
nut, stretch control, ultrasonic measurement of bolt stress, and the like (Chapters 5-11).
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A variety of suggestions on how to pick preload (or torque) for a given application,
starting with simple methods for relatively unimportant joints and proceeding to more
sophisticated methods (Chapter 21).

A new chapter devoted to the material properties that affect the strength of the fastener or
the stability of the preload or clamping force on the joint in service (Chapter 3). Also, more
data on such things as nut factors (Chapter 3), gasket stiffness (Chapter 4), the elevated
temperature properties of bolting materials (Chapter 3), gasket creep (Chapter 18), and the
relative costs of bolting materials (Chapter 3).

A greatly expanded discussion of stress corrosion and other stress cracking phenomena,
with data on the stress corrosion resistance of a variety of bolting alloys (Chapter 19).

A tabulation of key bolting equations in calculator (or computer) format (Appendix H).
A discussion of fastener coatings, with their uses, strengths, and weaknesses, including
substitutes for cadmium plating (Chapter 19). An expanded discussion of fatigue failure,
with new data (Chapter 17). A discussion of a phenomenon I call “elastic interactions,” which
occurs when we tighten groups of bolts and which can have a significant influence on the
amount of clamping force developed in a joint (especially a gasketed joint) during assembly.
Most people, myself included, were unaware of this phenomenon when I wrote the first
edition. Interactions can cause assembly preloads to vary by 4:1 or more, even if tensioners
are used to tighten the bolts (Chapter 6).

A simple procedure that will allow you to make a rough estimate of the stiffness of a
bolted joint, a procedure based on experimental data generated by several different groups
(Chapter 4). Although the procedure is only approximate, it is much cheaper than the
experiments or finite element analysis required for a more exact answer, and it will be good
enough for many applications.

A nearly complete revision of the discussion of ultrasonic measurement of bolt stress or
strain to reflect the significant advances that have occurred in this technology in recent years
(Chapter 11).

Major revisions to and extension of the discussion of gaskets, with a description of recent
results of research sponsored by the Pressure Vessel Research Committee and a discussion of
the new gasket factors now being proposed as replacements for the m and y factors of the
ASME Boiler and Pressure Vessel Code (Chapter 18).

A procedure for estimating the effect of a change in temperature on preload or on the
clamping force on the joint (Chapter 14), plus a discussion of the other ways in which elevated
temperature can affect a gasketed joint (Chapter 18).

A structured procedure for answering bolted joint questions and for predicting results
when the joint is assembled and put in service (Chapters 20 and 21).

I think that you will find that the information listed above, plus that carried over from the
first edition, will help you deal with this complicated thing called a bolted joint.
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Preface to the First Edition

To ““get down to the nuts and bolts” of a topic has always meant to get to the heart of it, and
rightfully so. After all, the joints are the weakest element in most structures. This is where the
product leaks, wears, slips, or tears apart. I have heard that the improper use of fasteners—in
joints, of course—is the largest single cause of the warranty claims faced by U.S. automobile
manufacturers. An air force engineer told me that the cost of a modern military airplane is a
linear function of the number of fasteners involved. These claims may be apocryphal, but the
problems are real.

In spite of their importance, bolted joints are not well understood. Mechanical engineer-
ing students may receive a brief introduction to the subject in a design course, but only a small
percentage of them—in school or afterward—will ever get involved enough for a real
understanding. The specialists who design things which must not fail—airplanes, nuclear
reactors, or heavy equipment costing hundreds of thousands or even millions of dollars—are
forced to learn all there is to know about the design and behavior of bolted joints. The rest of
the engineering fraternity, even designers, is guided by guesswork, experience, or handbooks,
and they still have problems.

As a matter of fact, even sophisticated designers have problems at the present state of the
art because the behavior of a bolted joint involves a large number of variables difficult or
impossible to predict and control. There are widely used design theories and equations, many
of which we shall study in this book, but these are usually simplifications and approxima-
tions. They have been used, successfully, on all sorts of joints in all sorts of products, but they
are not sufficient for critical joints. Most of them, furthermore, have been around for years,
and they have fallen behind the demands being placed on contemporary designs, e.g., higher
operating temperatures and pressures, new materials, the increased clamor for more safety or
environmental protection, and better strength-to-weight ratios. Even the thorough, widely
used, and often-modified ASME Boiler and Pressure Vessel Code has failed to keep pace with
the needs of the designer.

The engineering societies are aware of these problems, of course, and are currently
funding extensive experimental and theoretical studies to advance the science (or is it an
art, at present?) of bolted joint design. It is believed that this work will make accurate joint
design possible, but not until the end of this decade. That forecast, coming from the most
knowledgeable people in this business, gives you an idea of the magnitude of the problem.
None of us, of course, can wait 10 years for solutions to our current design problems. We
have to function at the current state of the art. Even this is a challenge, given the complexity
of the subject, but currently available information can help us minimize joint problems even if
we can’t eliminate them. Hence, this book will serve as an introduction to the design and
behavior of bolted joints and a primer for engineers or students who are struggling with the
subject in depth for the first time. It will also help plant engineers, maintenance engineers,
production engineers, and other nondesigners understand the nature of and reasons for their
bolted joint problems, and give them some help in solving or reducing these problems.

The information in this book has come primarily from two sources. My employer,
Raymond Engineering Inc., has manufactured for some years unusual tools and equipment
for assembling and disassembling large bolted joints. With a desire to increase our knowledge
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of bolted joint technology, we commissioned, in 1978, a computerized literature search. This
search, directed by Stephen Ford of the Battelle Memorial Institute, uncovered thousands of
articles: some unique, some repetitive; some “correct,”” some ridiculous; some well written but
some not. File drawers full of articles, including, by and large, all that was known, or at least
all that had been published, about bolted joints at that time.

Since then, we have sponsored a biweekly computerized “update” search of many
different engineering files, including EI, DOE, BHRA, NASA, ISMEC, ASM, INSPEC,
CPI, CAC, NTIS, USG, and many others. These updates are made for us by the New
England Research Center at the University of Connecticut.

These updates have kept our library current—and our readers busy! This present book is,
to a large extent, an overview of the state of the art as revealed by this literature search, so, as
the author, I am much indebted to Mr Ford for starting my education, and to UCONN for
continuing it.

I’m even more indebted to the many engineers and scientists who wrote the articles: Bob
Finkelston, Gerhard Meyer, and Dieter Strelow of SPS; G.H. Junker of Unbrako-SPS; Nabil
Motosh of Asslut University in Egypt; John Fisher of Lehigh University; Wayne Milestone of
the University of Wisconsin; Ed Rice of Ingersoll Rand; and Sam Eshghy of Rockwell stand
out as key influences, but there are hundreds of others. Any errors in my book, of course,
should not be blamed on them, but rather on my inability to understand.

But there’s more to it than that. We’re not scientists or academics. We’re engineers and
businessmen, and although we’re deeply interested in the theories and explanations, our goal
is to understand and solve, or prevent, field problems. It’s nice to know that “the equations
don’t always work because ... ”’; but we still have to tighten those joints, right now, in such a
way that they stay put for the life of the product, or at least until the next maintenance
shutdown. And so we kept looking for equations, information, rules-of-thumb, divine guid-
ance, or anything that would get us there. And this led us in two directions that have
produced results.

First, our search for something better led us to an impressive new instrument called the
ultrasonic extensometer—invented by Donald Erdman of Pasadena and Howard McFaul of
Douglas Aircraft Corporation. This instrument is designed specifically to measure the
actual strain in a bolt before, during, and after tightening. Here, for the first time, we had
a way to measure tightness in bolts, with a high degree of accuracy, under any and all field
conditions, statically or dynamically, and across the board. Prior methods were only practical
for samples you strain gauged a few bolts, for example, used load cells under the heads of a
few, or made a laboratory experiment. In many cases you modified field conditions simply by
taking the measurements. If nothing else, the results you obtained were unnaturally good,
because the person using the wrench was more careful with those bolts than before or after
your experiment.

Several types of extensometer are described at length in Chapter 9. I'm indebted to
Donald Erdman, incidentally, for reading and correcting this chapter, as well as for making
it possible for us to measure bolt stretch ultrasonically.

The extensometer makes it possible to check unmodified bolts assembled by unsuspecting
people, and to monitor such elusive things as dynamic loads or long-term relaxation. Engin-
eers have long been able to measure the inputs to the system, e.g., torque applied to the nut,
composition of the lubricant, and angle of turn of the nut. Now we can see the immediate
effects and results, as a function of job conditions, time, or both. We felt just as the electrical
engineer must have when someone handed him the first oscilloscope.

We have used this instrument extensively in our laboratory to study bolt problems and to
analyze and check some of the information and theories uncovered by the literature search.
But more significantly, we have used it in the field. We organized a bolting services group
which sent technicians to many parts of the country and overseas to help customers tighten or
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disassemble problem joints. This hands-on experience provides the second major source of
information on which this book is based. I'll tell you what really happens when you tighten
various kinds of joints, under often difficult conditions, with a variety of tools and procedures
even if no one, at present, can fully explain why they behave this way. And I’ll describe some
of the techniques we and our customers have used to solve or minimize today’s problems.

Most of our work has involved very large bolted joints, e.g., pressure vessels, pipe joints,
heat exchangers, engine heads, and helicopter transmissions; but we’ve also been involved
with small aerospace assemblies, and have had some exposure to the tools and techniques
used by automobile and other mass producers. So, although the case history emphasis in this
book will be on large fasteners, the design and behavior information is applicable to most
types of bolted joints.

One warning for those involved in the design and construction of buildings: You will not
find much information here on structural steel joints. Many of the topics covered would be
pertinent to such joints, but I make little or no attempt to relate them to those applications.
This is an area in which my company and I have had very little experience, and it’s an area
that is very well covered by Fisher and Struik’s excellent Guide to Design Criteria for Bolted
and Riveted Joints (Wiley, 1974). This work, on the other hand, doesn’t cover liquid joints, or
the problems faced by production engineers.

I am sure that some of you will find the subject of bolted joints as interesting as I do, at
least by the time you finish the book. Before we start, let me add one more note of
appreciation for my secretary, Tressa Battista, who faced too many drafts with too little
time, but did it all.

We’re ready. Let’s learn about bolted joints.
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Acknowledgments for the
First Three Editions

As before, most of the information in this book is not original with me. I am merely passing
along to you the education that I have received from so many other people and sources,
including those mentioned in the preface to the first edition. For recent years, I am especially
indebted to those listed below. In the preface to the second edition, I mentioned the seminar
students, who are too numerous to name but to whom I owe a great deal. My education has
been advanced even more, I think, by my participation in a number of technical societies and
groups that are struggling to resolve a variety of bolting issues. I was involved, for example,
with the subcommittee on bolted flange connections of the Pressure Vessel Research Com-
mittee; [ was a member of their task group on gasket testing and was the chairman of the joint
task group on the elevated temperature behavior of bolted flanges. I have learned a great deal
from many of the engineers who have attended these meetings and who serve as consultants to
these groups. I am especially indebted to Andre Bazergui of I'Ecole Polytechnique in
Montreal, Jim Payne of JPAC, Inc., George Leon of the Electric Boat Division of General
Dynamics, and J. Ronald Winter of the Tennessee Eastman Company. Dr Bazergui was kind
enough to review Chapter 18 on gaskets in the second edition. His comments have influenced
the final version of that chapter; any remaining errors are mine.

I was also the vice-chairman of The Research Council on Structural Connections and
have benefited significantly from their work and deliberations, which involve special inputs
from John Fisher of Lehigh University, Joseph Yura and Karl Frank of the University of
Texas at Austin, Geoffrey Kulak of the University of Alberta at Edmonton, Thomas Tarpy of
Stanley D. Lindsey and Associates of Nashville, Peter Birkemoe of the University of Toronto,
Michael Gilmor of the Canadian Institute of Steel Construction, and Bill Milek, now retired,
formerly with the AISC.

Dr Kulak revised the valuable and influential text Guide to Design Criteria for Bolted and
Riveted Joints (Wiley, 1987), originally written by John Fisher and John Struik. I cited this text
and my debt to it in the preface to the first edition.

I also participated in meetings of the Atomic Industrial Forum/Metals Properties Council
Task Group on Bolting and was chairman of a working group on bolting organized by the
ASME Committee on Operations and Maintenance (Nuclear Codes and Standards). Both of
these groups were established to define and resolve bolting issues that concerned the NRC.
Key players to whom I am indebted here include Ed Merrick, at that time with TVA and now
with APTECH in California, Russell Hansen of GA Technologies, and Joe Flynn, Jr., of
INPO. I benefited from information on nuclear bolting problems provided by Ed Jordan,
Robert Baer, and William Anderson of the Nuclear Regulatory Commission. I am also
grateful for more recent input from Richard Johnson of the same organization.

The Electric Power Research Institute of California played a significant role in the work
of the AIF/MPC Task Group, funding much of the group’s research. They also funded the
development at Raymond Engineering of a reference manual on good bolting practices as
well as three training cassettes for bolting engineers and mechanics in the nuclear power
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industry. I was a coauthor of the manual and participated in the preparation of the cassettes.
The material in both was developed with the help of, and was reviewed by, maintenance and
operating engineers in a number of nuclear plants as well as by members of the ASME
Working Group. Many of the tips and suggestions that found their way into the manual and
cassettes have also been included in the second edition.

I am also grateful to the Industrial Fastener Institute of Cleveland. Raymond Engineering
was an invited member of that group for several years, and I have learned much from my
contacts with their members and from technical discussions with Charles Wilson, their
Director of Engineering.

Colleagues at Raymond Engineering contributed to my education as well. Special men-
tion should go to Jesse Meisterling and to Michael Looram. (The Bolting Products Division
of Raymond Engineering, Inc., is now the Industrial Tool Division of Bidwell Industrial
Group, Inc.)

Stan Johnson of Johnson Gage deserves mention, too, for his input on thread strength,
thread gaging, and the like.

Bolting products customers of Raymond Engineering have provided much information
about bolting problems in nuclear power, petrochemical, aerospace, automobile, and other
industries. Unfortunately, the number of teachers here is so great that individual mention is
impossible, but my debt to them is nonetheless considerable.

Last but not least, I would like to acknowledge this latest of many debts to my wife, Anne,
who once again lost a husband to a word processor. Ready or not, Anne, I’'m now coming back!

www. Engi neeri ngEbooksPdf . con



Editor

John H. Bickford is a retired engineer living in Middletown, Connecticut. A former vice
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several foreign patents. He is the author of numerous articles and book chapters on various
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plant maintenance personnel. Mr Bickford is a member of the American Society for Testing
and Materials (ASTM) and a past member of the American Society for Mechanical
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Abstract

Threaded fasteners, including all varieties of bolts, make our industrial, commercial, and even
civil worlds possible, by providing simple, economic means to join an infinite variety of small
parts together to create such large and useful objects as automobiles, airplanes, buildings,
plows, looms, and printing presses. This book describes the design, behavior, misbehavior,
failure modes, and analysis of the bolts and bolted joints which play such a large, even
ubiquitous, role in all this. The reader will learn why proper bolt tension—often called
preload—is critical to the safety and reliability of an assembled joint. He’ll be introduced to
many ways to create that preload as well as ways to measure or inspect it. He’ll learn how
to design joints, which are less apt to misbehave or fail, using the guidelines, procedures, and
simple algebraic mathematics included in the text. Numerous tables, charts, graphs, and
appendices will give the reader all the information and data he or she needs to become a
competent designer or user of non-gasketed bolted joints. Gasketed joints are also covered,
briefly, but will be the focus of a second volume to appear in the future.
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1 Basic Concepts

This book is intended to give you an introduction to the design and behavior of bolted joints and
hopefully will help you become better designers, assemblers, or users of such joints, or help you
analyze and prevent joint failures. The subject is a complex one, which is why a two volume text
of well over 1000 pages can be considered only an introduction. The material presented here,
however, should be all the information that many or most people need. Numerous references at
the end of each chapter lead the way to further details for those who need or want to know more.

This first chapter gives an overview of the material to be covered in the rest of the book;
it’s an introduction to the introduction, if you will. You might find it useful to come back to
this chapter and reread it if you get bogged down in the detail of subsequent chapters and
have trouble seeing how that subject or detail fits the overall picture.

1.1 TWO TYPES OF BOLTED JOINTS

Bolted joints come in two flavors, depending on the direction of the external loads or forces
acting on the joint. If the line of action of the forces on the joint is more or less parallel to the
axes of the bolt, the joint is said to be loaded in tension and is called a tension or tensile joint.
If the line of action of the load is more or less perpendicular to the axes of the bolt, the joint is
loaded in shear and is called a shear joint. Both types are illustrated in Figure 1.1. Some joints
support combined tensile and shear loads and are named after the larger of the loads placed
on them, be it tensile or shear.

The distinction between tensile and shear joints is important, because the two types differ in
the way they respond to loads, the ways in which they fail, the ways in which they are
assembled, etc. In general, the tensile joint is the more complex of the two—as far as behavior
and failure are concerned—and it’s the more common type of joint. Most of this text, therefore,
is devoted to it. Another reason for this bias: Messrs. Kulak, Fisher, and Struik have written
an excellent text, Guide to Design Criteria for Bolted and Riveted Joints, second edition (John
Wiley & Sons, New York, 1987), which is devoted almost entirely to shear joints.

1.2 BOLT'S JOB

The purpose of a bolt or group of bolts in all tensile and in most shear joints is to create a
clamping force between two or more things, which we’ll call joint members. In some shear
joints the bolts act, instead, primarily as shear pins, but even here some bolt tension and
clamping force is useful, if for no other reason than to retain the nuts.

1.2.1 TeNSILE JOINTS

Specifically, in tensile joints, the bolts should clamp the joint members together with enough
force to prevent them from separating or leaking. If the joint is also exposed to some shear
loads, the bolts must also prevent the joint members from slipping.
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2 Introduction to the Design and Behavior of Bolted Joints

FIGURE 1.1 Bolted joints are classified by the service loads placed on them. If those loads and forces are
applied in a direction more or less parallel to the axes of the bolts, as in the upper sketch here, the joint is
called a tensile or tension joint. If the line of action of the forces is essentially perpendicular to the axes of
the bolts, as in the lower sketch, the joint is called a shear joint.

Coincidentally, the tension in the bolt must be great enough to prevent it from self-
loosening when exposed to vibration, shock, or thermal cycles. High tension in the bolt can
also make it less susceptible to fatigue (but sometimes more susceptible to stress cracking). In
general, however, we usually want the bolt in a joint loaded in tension to exert as much force
on the joint as it and the joint members can stand.

There are two important facts you should keep in mind when dealing with tension joints.
First, the bolt is a mechanism for creating and maintaining a force, the clamping force
between joint members.

Second, the behavior and life of the bolted joint depend very much on the magnitude and
stability of that clamping force.

Note that I did not say “magnitude and stability of the preload” or of the tension in the bolt
or of the torque applied to the bolt. Those parameters are related to the clamping force, often
closely related, but the key issue as far as joint behavior is concerned is the force the two
joint members exert on each other (the clamping force), created, of course, by the force the
bolts are exerting on them.

The key issue as far as bolt life and integrity are concerned is, however, the tension in it; so
we must keep our eye on both interjoint clamping force and bolt tension to be successful.

The clamping force on the joint is initially created when the joint is assembled and the
bolts are tightened by turning the nut or the head of the bolt. This act, of course, also creates
tension in the bolt; the tension is usually called preload at this stage.

Although there may be some plastic deformation in some of the threads when a bolt is
tightened normally, most of the bolt and the joint members respond elastically as the bolt
is tightened. The joint members are compressed a slight amount, and the bolt is stretched by a
larger amount.

In effect, both joint members and bolts behave like stiff springs, one being compressed
and the other stretched as suggested in Figure 1.2. Like springs, furthermore, they acquire
potential (or stored) energy. If we released them after tightening them, they would suddenly
snap back to their original dimensions. It is this stored energy which allows bolts to maintain
that all-important clamping force between joint members after we remove the wrench.

We might even say that the tensile joint, unlike its welded or bonded joint cousin, is
“alive,” filled with energy and able to do its job only because it’s filled with energy.
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Basic Concepts 3

FIGURE 1.2 Bolts and joint members deform elastically when the bolts are tightened. In effect, they act
like stiff springs as suggested by this sketch. This fact that they act like springs greatly influences the
behavior of the joint.

1.2.2  SHEAR JOINTS

The bolt’s main job in a shear joint is to keep the joint from slipping or from tearing apart
in the slip direction. If the joint must also support some tensile load, the bolt must resist
that too.

In some shear joints, as already mentioned, the bolts resist slip by acting as shear pins, and
joint integrity is determined by the shear strength of the bolts and joint members. There are a
number of reasons why we will often want to tension these bolts, as we’ll see, but the exact
amount of tension, or of the energy stored in them, is not a critical factor.

In other shear-loaded joints, slip is prevented by friction restraint between joint members.
These friction forces are created by the clamping load, which in turn is created by heavily
tensioned bolts. Here again, therefore, the bolt is a mechanism for creating and maintaining a
force, and the magnitude and life of that force depend on the potential energy stored in the
bolts during assembly. Even here, however, we’re usually less concerned about creating
an exact amount of tension in the bolts during assembly than we are when we’re dealing
with tensile joints, because service loads don’t affect bolt tension and clamping force in
shear joints.

1.3 THE CHALLENGE

The bolted joint presents users and designers with many problems. In part this is because it is
“alive”—it keeps changing state in response to service and environmental conditions, as we’ll
see. A more common source of problems, however, is the fact that the assembly process and
the in-service behavior are affected by literally hundreds of variables, many of which are
difficult or impossible to control or to predict with accuracy. As a result, when we deal with
bolted joints we must inevitably deal with a lot of uncertainty. What follows is a quick review
of some of the sources of this uncertainty. We’ll take a closer look at most of these things in
later chapters.
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4 Introduction to the Design and Behavior of Bolted Joints

1.3.1 AssemBLY PrROCESS

Bolts and joint members in both tension and shear joints respond in the same way to the act of
tightening the bolts. There are differences in the accuracy with which we must tighten them,
but most of the discussion which follows applies to all joints.

As far as all tension and most shear joints are concerned, the goal of the assembly process
is to establish an initial clamping force between joint members, to introduce the first energy
into bolt and joint springs. And, in tension joints, we’re usually interested not just in
tensioning the bolts but in tensioning them by a desired amount, because the life and behavior
of such joints are so dependent on the right amount of clamping force. We want enough
clamping force to prevent a variety of failure modes, but we must also make sure that the bolt
tension and clamping force do not exceed an upper limit set by the yield strengths of the
materials, the anticipated loads to be placed on the joint in service, and other factors.
Unfortunately, as already mentioned, hundreds of variables affect the results when we tighten
a group of bolts, so predicting or achieving a given clamping force is extremely difficult.

We attempt to control the buildup of clamping force by controlling the buildup of tension
or preload in the bolt. In most cases, we do that by controlling the amount of torque applied
to the nut or head.

The work we do on the fastener while tightening it is equal to one half the applied torque
times the angle (measured in radians) through which the nut turns. Typically, about 10% of
this input work ends up as potential energy stored in the joint and bolt springs. The rest is lost
in a variety of ways.

Most of the kinetic energy is lost as heat, thanks to friction restraints between the nut and
joint surface and between male and female threads. Some energy is used to twist and, often, to
bend the bolt a little. Some energy may be lost simply in pulling heavy or misaligned joint
members together or dragging a bolt through a misaligned or interference fit hole. More is
lost by spreading the bottom of the nut, a process called nut dilation.

A major problem for the designer and assembler is that it is virtually impossible to predict
how much of the input work will be lost due to factors such as these. The amount lost can and
usually will vary a lot from one bolt to another, even in the same joint.

In spite of these uncertainties and losses, some potential energy is developed in each bolt
as it is tightened, and it starts to create some clamping force in the joint. But then the bolt
relaxes—loses some energy—for a couple of reasons.

A process called embedment occurs as high spots on thread and joint contact surfaces
creep out from under initial contact pressure and the parts settle into each other. More
drastically, a previously tightened bolt will relax somewhat when its neighbors in the joint
are subsequently tightened. We call this process elastic interaction, and it can eliminate most
or even all of the tension and energy created in the first bolts tightened in the joint. We’ll
examine this phenomenon in detail in a later chapter.

The amount of relaxation a bolt will experience is even more difficult to predict than the
amount of initial tension it acquires when first tightened, increasing the challenge of the
assembly process.

Anything that reduces the amount of energy stored in a bolt reduces the force it exerts
on the joint. Too little torque, too much friction, rough surface finish, twisting, bending,
hole interference, and relaxation all can result in less stored energy, less preload, and less
clamping force.

Anything that increases the energy stored will increase the force. There are a couple of
things which can do this during assembly: too much torque or too little friction, thanks
perhaps to a better-than-anticipated lubricant.

Again, all of these factors are difficult to predict or control, making it very difficult to
achieve a particular amount of preload or clamp force at assembly. Because many factors can
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Basic Concepts 5

give us less preload than desired and only a couple can give us more, we often—perhaps
usually—end up with less than expected at assembly.

Bolts in shear joints are subjected to the same assembly problems and variables as are
bolts in joints loaded in tension. There’s a difference, however.

In tension joints we always care about the amount of preload, tension, clamping force,
and potential energy developed during assembly because of the way such joints respond to
service loads. We’re not so concerned about this when dealing with shear joints. We’ll see why
when we examine the in-service behavior of such joints.

1.3.2 IN-ServICE BEHAVIOR

The in-service behavior of tensile joints differs substantially from that of shear joints, and this
is reflected in the different ways we design and assemble the two types. Here’s a preliminary
look at the differences.

1.3.2.1 Joints Loaded in Tension

We encountered many uncertainties when we assembled a tensile joint. Further uncertainties
are introduced when we put such a joint to work—when we load it, expose it to vibration or
shock, subject it to change in temperature, anoint it with corrosive fluids, etc. Being alive, it
responds to such things; and as it responds, the tension in the bolt and the clamping force
between joint members change.

First, and most important, the tensile load on the joint will almost always increase the
tension in the bolts and simultaneously decrease the clumping force between joint members.
This is undesirable and unavoidable, and it is the major reason why we care so much about
the exact amount of bolt tension and clamping force developed at assembly.

If the assembly preloads are too high, the bolts may yield or break when they encounter
the service loads. On the other hand, if assembly preloads are too small, the clamping force on
which the joint depends may all but disappear when service loads decrease it.

Other service factors can also change bolt tension and clamping force and will affect our
choice of assembly preload. For example, relaxation processes like embedment or gasket
creep are increased by loads and by elevated temperatures. Vibration, shock, or thermal cycles
can cause the bolt to self-loosen. Differential expansion between bolts and joint members can
increase bolt tension and clamping force simultaneously, or can reduce both. In this case, heat
energy is being used to increase or redistribute the energy stored in the parts.

Chemical energy, exhibited as corrosion, can increase the clamping force as corrosion
products build up under the face or the nut or head of the bolt.

These factors present an additional challenge to the designer. They increase the difficulty
of predicting joint behavior, because the designer can rarely predict the exact service loads or
conditions the joints will face. The joint’s response, furthermore, will be influenced by such
hard-to-pin-down factors as the condition of the parts or the exact dimensions and material
properties of the parts. Behavior will also be influenced by the hard-to-predict amount of
preload in the bolts, which the designer must somehow specify.

Once again, however, the factors that lead to less clamping force are more common than
the ones that can lead to more clamping force. Since this is also true, as we’ve seen, of the
assembly process, we are forced to recognize Bickford’s little-known First Law of Bolting:
Most bolted joints in this world are providing less clamping force than we think they are.

1.3.2.2 Shear Joints

Shear loads do not affect the tension in the bolts or the clamping force between joint members,
at least until such loads become so high that the joint is about to fail. Predicting behavior and
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6 Introduction to the Design and Behavior of Bolted Joints

avoiding failure are therefore easier when we’re dealing with shear joints than when we
are dealing with tensile joints. This, in part, explains why people who design airframe, bridge,
or building structures rely so heavily on shear joints and avoid using tension joints whenever
possible.

I don’t mean to imply that shear joints won’t respond to service loads and conditions; they
will. Bolt tension and clamping force will change if temperatures change. Vibration or shock
can loosen the bolts, parts can rust, and corrosion products can build up and alter bolt and
joint stresses. If the loads on the joint are cyclical, the stresses in bolts and joint members will
fluctuate. But the in-service uncertainties the designer faces, and their consequences, are
usually less than those he’ll face when dealing with tensile joints.

1.4 FAILURE MODES

The main reason we want to control or predict the results of the assembly process and the
in-service behavior of the joint is to avoid joint failure. This can take several forms.

A joint will obviously have failed if its bolts self-loosen, shake apart, or break. Self-
loosening is a complicated process and is described in a separate chapter along with ways to
combat it. In general, however, it’s caused by vibratory or other cyclical shear loads which
force the joint members to slip back and forth. A major cause of self-loosening is too little
preload, and hence too little clamping force. Both tensile and shear joints are subject to this
common mode of failure.

Bolts in both types of joints can also break because of corrosion, stress cracking, or
fatigue—all of which are also covered in later chapters and two of which are encouraged by
the wrong preload. Stress cracking occurs when bolts are highly stressed; fatigue is most apt
to occur when there’s too little tension in the bolts. Even corrosion can be indirectly linked to
insufficient preload, if a poorly clamped joint leaks fluids that attack the bolts.

If the bolts fail for the reasons just cited or if they exert too little force on the joint,
perhaps because of the assembly or in-service conditions discussed earlier, the shear joint may
slip or the tension joint may separate or leak. Each of these things means that the joint
has failed.

It’s obvious that a leak is a failure, but what’s wrong with a little slip or with separation of
a joint that doesn’t contain fluid?

Slip can misalign the members of a joint supporting shear loads, thereby cramping
bearings in a machine, for example. Or it can change the way a structure absorbs load,
perhaps overstressing certain members, causing the structure to collapse. Slip can lead to
fretting corrosion or to fatigue of joint members. As already mentioned, cyclical slip can lead
to self-loosening and perhaps loss of the fasteners. Vibration loosening of bolts and fatigue
failure of shear joint members are of particular concern to airframe designers.

Separation of the members of a joint supporting tensile loads can encourage rapid fatigue
failure of the bolts. It can also destroy the integrity of a structure or machine. It can allow
corrosants to attack bolts and joint surfaces. Separation means the total absence of clamping
force, which means, in effect, that the joint is not a joint at all.

A gasketed joint can leak if the initial clamping force between joint members during
assembly is not great enough or if the in-service clamping force (which will almost always
differ from the assembly clamp) is too low. The joint does not have to separate for leakage to
occur. Gasketed joints are the subject of volume 2 of this two volume text, but they will be
considered briefly in this volume as well.

Note that most joint or bolt failure modes are encouraged by insufficient bolt tension or
insufficient clamping force or both. Self-loosening, leakage, slip, separation, fatigue—all
imply too little clamp.
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Basic Concepts 7

A few problems can be caused by too much tension or clamping force, however.
Stress corrosion and hydrogen embrittlement cracking of bolts can occur in both shear and
tensile joints and are more likely if bolt stresses are high. Joint members and gaskets can be
damaged by excessive clamp. Joint members can also be distorted by excessive bolt loads: the
“rotation” of raised face, pressure vessel flanges is a common example. Fatigue life can
sometimes be shortened by high stress, although more commonly it’s caused by insufficient
clamping force.

But failures caused by too little clamping force are more common in either tensile or shear
joints than are failures caused by too much clamp. And, as we’ve seen, assembly and service
conditions are more apt to give us too little clamp than too much. Welcome to the world
of bolting!

1.5 DESIGN
1.5.1 IN GENERAL

The design of bolted joints, like the design of anything else, involves a detailed consideration
of function, shapes, materials, dimensions, working loads, service environment, etc. Every
industry has characteristic or “typical” joint configurations and needs, and it would be
impossible to detail each in a single text. We can, however, look at some generalities, which
must apply to most joints, whatever their specific application. And we can review design
procedures that have been accepted and used by many.

Specifically we’ll focus on a design procedure developed by Verein Deutscher Ingenieure
(VDI), a German engineering society, but with some modifications and extensions. We’ll also
examine in some detail the design rules for flanged, gasketed joints found in the ASME Boiler
and Pressure Vessel Code, with emphasis on changes, which are currently being introduced to
those rules. One chapter will be devoted to the design of structural steel, shear joints, with
frequent reference to the text by Kulak, Fisher, and Struik, which was mentioned earlier. We
will also examine a joint design procedure created by NASA for space shuttle and other joints.

1.5.2 SeeciFic GoALs OF THE DESIGNER

The joint designer, of course, is faced with all the assembly and in-service uncertainties
detailed earlier. In spite of these uncertainties, he must do two things when designing a
joint that will be loaded all or in part in tension:

1. He must pick bolt and joint sizes, shapes, and materials which will guarantee enough
clamping force to prevent bolt self-loosening or fatigue, and to prevent joint slip,
separation, or leakage when clamping forces are at a minimum (because of the factors
we’ve described) and those hard-to-predict service loads are at a maximum.

2. In addition, he wants to select bolts that are able to support a combination of
maximum assembly stress plus the maximum increase in stress caused by such service
conditions as applied load and differential thermal expansion.

If his joint is loaded only in shear, and will depend for its strength only on the shear
strength of the bolts and joint members, then those strengths will determine the design. Such
joints must not be subjected to varying or cyclical loads, or self-loosening and fatigue
problems might be encountered. If service conditions permit it, however, such joints are
safe and greatly simplify the design process.

There are other things that the designer must worry about when designing tensile joints
and some shear joints. He’ll consider the bearing stresses the bolts create on joint surfaces,
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8 Introduction to the Design and Behavior of Bolted Joints

the amount of change in load the bolts see (which can affect fatigue life), the accessibility of
the bolts (which can affect assembly results), and the flexibility or stiffness of bolts and joint
members. If he’s designing a tension joint he’ll be especially interested in the so-called stiffness
ratio of the joint, because this affects the way in which a given service load changes bolt
tension and clamping force.

In any tension joint and in shear joints where clamping force is important, the designer
will want to do everything he can to improve the energy storage capacity of his bolts. He’ll
find that long thin bolts and thick, metal joint members can store more energy than short
stubby bolts or nonmetallic joints, hence our historic problems with sheet metal joints and our
emerging problems when we try to bolt composite materials.

As we’ll see, the many assembly and service uncertainties the designer has faced have
traditionally forced him to overdesign—‘‘oversize”” might be better—the bolts and joint
members, with resulting penalties in weight and parts cost. We’ll quantify this oversizing
and suggest ways it can sometimes be reduced.

Although most of the book will deal with subjects like assembly practices, in-service
behavior of the joint, and failure modes rather than design specifics, everything relates to
and should affect the design of bolted joints.

1.6 LAYOUT OF THE BOOK

We'll start with some background material on the strength of bolts and threads, the stiffness
of bolts and joint members, and a review of the properties of the materials usually used for
these things. We’ll focus on properties that affect basic strength and which affect the stability
of the parts (several material properties can encourage changes in clamping force).

Next we’ll look in considerable detail at the many options we have for controlling the
assembly process, looking at torque, torque and turn, strength, direct tension, and ultrasonic
control of preload and clamping force.

Then we’ll turn our attention to the joint in service: how it responds to service loads and
conditions, how it fails, how to improve its response and minimize the chances of failure.

Finally, having learned in detail what we’re up against, we’ll develop procedures for
estimating results and will close with a detailed discussion of a modified version of the VDI
design procedure.

Appendices in the back will give you a variety of reference data to aid design activities or
analytical calculations as well as answers to the exercises and problems given at the end of
each chapter.

Enough introduction! Let’s begin our serious study of this thing called a bolted joint.

EXERCISES

Because there is no mathematics in Chapter 1, the following are essay-type questions rather
than problems. Writing the answers down in your own words is an excellent way to remember
them, so don’t just copy sentences from the text as you do these exercises. The points covered
here are critical to a true understanding of bolted joints and so are well worth the effort
required to put them in your memory bank.

1. Name the two types of bolted joints and tell why they’re called that.

2. What is the main mission of the bolts in any joint?

3. What factor largely determines the behavior and life of a tensile joint?

4. Why are bolted joints often called live joints as compared to welded, riveted, or bonded
joints?
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Basic Concepts 9

10.

What must the bolts in a shear joint do to prevent its failure?

Describe some of the factors that make it difficult to create an exact and predicted
amount of clamping force during assembly.

How does an external load on a tensile joint affect the clamping force, and what else does
it affect?

Name the principal modes of failure of both tensile and shear joints.

Describe or list the criteria a bolted joint designer must consider when selecting bolt size
and material for a new joint.

Will short, fat bolts generally work better than long, thin ones? If so, why? If not,
why not?
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2 Materials

In the previous chapter we learned that the bolt’s job is to clamp two or more joint members
together, and that the joint designer’s job is to select bolts strong enough to do this. The
strength of these bolts will depend upon their size, geometry, and on the strength of the
materials of which they are made. In this chapter, we learn about those material strengths.

Chapter 4 in the previous edition of this text covered bolt and joint materials at encyclo-
pedic length. I listed every bit of data about every one of these materials I could find. The
result: long discussions and even longer tables, with a great deal of information which was of
resize little, or at least of very infrequent, practical use. The present edition is hopefully a
leaner document. The data required by most practicing engineers, or of use for classroom
exercises, are still here and should be easier to find. Tables of material properties have been
significantly shortened, especially if the data they contained can now be conveniently found
online. Web site addresses, which are included in this chapter and in Appendix C, will lead
the reader to complete data if that given here is not sufficient for his or her needs. Some of the
data included in previous editions, however, are anything but easy to find elsewhere, and are
probably not available online. These include the shear strength of bolt materials, the stress
relaxation properties of materials used at elevated temperatures, the relative density (weights)
of various materials, etc. Because this information is hard to find it has been republished in
this edition.

2.1 PROPERTIES THAT AFFECT THE CLAMPING FORCE

What properties are we interested in when we pick a bolting material? Because the most
important purpose of the bolts is to clamp the joint members together, we’re interested in any
physical or chemical or other properties which affect the “magnitude” of the clamping force
we can create at assembly, and the “stability”’ of that clamping force. How will that force be
modified by use or age or temperature change or some other mechanism?

From an energy standpoint we want to know how much potential energy we can store in
the bolt and how much will be retained by it when it’s put to work. The first consideration is
related to the magnitude of the force, the second to its stability.

2.1.1  MAGNITUDE OF THE CLAMPING FORCE

From a bolting material point of view, the magnitude of the initial clamping force will depend
primarily on the basic tensile and shear strengths of the material. For a given diameter and
thread configuration, a stronger material means a stronger bolt. And the stronger the bolt, the
greater the clamping force it can produce. We saw how to estimate the strength of a bolt and
its threads in the last two chapters. You'll find examples of material strengths in this chapter.
I don’t mean to imply that we’ll always tighten bolts to the limit of their strength, but stronger
bolts can and usually are tightened to higher tension than weaker ones. Otherwise, we waste
the extra money we spend on better materials.

11
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12 Introduction to the Design and Behavior of Bolted Joints

Also note that there are a lot of things other than material that affect the clamping force
actually achieved at assembly. We’ll look at these factors in depth in later chapters. At present
we’re considering only the clamping capacity of the bolts, the maximum force they could
generate if tightened to their full strength.

2.1.2 StABILITY OF THE CLAMPING FORCE

The stability or reliability of the clamping force is a more complex issue, because a number of
material properties can affect it, often without affecting the strength of the parts. For
example, the clamping force introduced at assembly can be modified by temperature changes,
by corrosion, or by external loads on the joint, depending in part on the way the bolt material
responds to these things. We’ll look at a number of pertinent properties in this chapter.

Most of the ways in which stability can be affected will be discussed in later chapters. I've
put examples of all of the relevant material properties in the present chapter, however,
because it’s easier to pick a material (once you know the properties you’re interested in) if
all of the necessary information is in one place. Comparisons and trade-offs are easier. So,
properties are discussed in this chapter, and how to use them in subsequent chapters.

As an introduction to the concept of stability, however, here’s a brief summary of some of
the ways in which the clamping force can be modified by environmental factors and by our
choice of bolt material.

2.1.2.1  Thermal Expansion or Contraction

A change in temperature will change the length of the bolts and the thickness of joint
members. Knowing the thermal coefficients of linear expansion will allow us to estimate
how much change each part will experience.

If the parts are made from different materials—or are raised to different temperatures—
the clamping force on the joint and the tension in the bolts will be modified by differential
expansion or contraction. This can increase or decrease the clamping force. It can also break
bolts or totally eliminate the tension in them. We’ll see how to estimate these changes in
Chapter 11 but will look briefly at the problem in Section 2.10.

2.1.2.2 Corrosion

The resistance of the bolt material to corrosion will determine how long our clamp will
survive in the anticipated service environment. The buildup of corrosion products (e.g., rust)
can increase clamping forces; additional corrosion can eat through the bolts. We’ll consider
corrosion mechanisms and stress corrosion cracking in Chapter 16.

2.1.2.3 Fatigue Rupture

Many materials have an “endurance limit”” which, unfortunately, is only a fraction of their
apparent (static tensile) strength. If cyclic stress levels are above this endurance limit, the bolt
will eventually break and clamping force will be lost. So, the endurance limit is another
property we’ll be interested in. Fatigue will be the topic of Chapter 15.

2.1.2.4 Loss of Strength with Temperature

As already mentioned, a change in temperature can cause a change in clamp force because of
differential expansion between bolts and joint members. Temperature can create problems
even if these things have identical thermal coefficients and identical temperatures, however.
The basic strength of the material can be affected enough by high temperature to put the joint
in jeopardy.
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2.1.2.5 Loss of Clamping Force with Temperature

Elevated temperature can also lead to stress relaxation (discussed in Chapter 11), which can
reduce or eliminate the clamping force without any visible or measurable change in the parts. So
resistance to stress relaxation is another material property that can affect the integrity of the
clamp. Figure 2.3 and Table 2.3 provide stress relaxation data on a number of fastener materials.

Stress relaxation can and often does take place over an extended period of time. The lower
the temperature, the longer it takes the bolt to shed stress. Clamping force can also, however,
be lost very rapidly if common bolt materials are subjected to high temperature—during a
fire, for example. Typical results are shown in Figure 2.4.

2.1.2.6 Elastic Stiffness of the Parts

The modulus of elasticity is another property we’ll often be interested in. Modulus, in part,
determines the stiffness of bolts and joint members, and stiffness in turn determines how the
clamp force introduced at assembly will change when the joint is put in service. Factors like
working loads (pressure, weight, shock, etc.), gasket creep, embedment of thread surfaces,
elastic interactions between bolts—all to be considered in later chapters—will work to change
those initial clamping forces even at room temperatures. The amount of change will depend
on the relative stiffness of bolt and joint members (discussed at length in Chapter 5).

2.1.2.7 Change in Stiffness with Temperature

The modulus of elasticity is also affected by temperature; so the stiffness of bolts and joint
members will change as the temperature changes. As one result, a 10% reduction in modulus
means a 10% loss of tension in the bolt because it has become a less stiff spring. Note that a
reduction in modulus occurs with an increase in temperature, and this increase may cause
differential thermal expansion which partially or wholly offsets the loss in stiffness.

Any change in stiffness may also mean a change in the bolt-to-joint stiffness ratio, and this
means a change in the way the system responds to external loads. So, there are many ways
in which a change in temperature can modify the clamping force, with modulus playing
several roles.

2.1.2.8 Brittle Fracture

Ductility can be another important consideration, especially if the bolts are to be tightened
past yield (a common practice in structural steel work, as we’ll see in Chapter 8). Very hard
materials can be very strong—but brittle. The brittleness often leads to unexpected failure at
loads below the theoretical strength of the parts. We’ll look at some brittle fracture data in
this chapter (Figure 2.2).

2.1.3  MISCELLANEOUS PROPERTIES

Although things which determine or threaten the clamping force produced by the bolt will
always be our main concern, there are times when other material properties must also be
considered. Low-weight fasteners, for example, have always been important in aerospace
applications and are of growing importance in automotive design as well (lower weight means
lower fuel consumption). Some material weights are given in Table 2.6.

The cost of a fastener sometimes influences our choice, but the asking prices are subject to
too much change to report them in a textbook. The electrical or magnetic properties of the
fasteners can also be a consideration, but so rarely that we won’t worry about them here.

The strength of joint members is usually not as big an issue as the strength of the bolts, but
some data are useful and will be found in Table 2.7.
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14 Introduction to the Design and Behavior of Bolted Joints

So, there are a number of material properties that will determine the ability of our bolt to
clamp things in service, and other properties which will influence our material decisions in
special situations. How can we select an appropriate material? The most obvious source of
material information on which to base a decision would be an existing fastener “‘standard.”

2.2 FASTENER STANDARDS

It is believed that some 500,000 fasteners have been defined by standards of some sort.
Certainly hundreds of different specifications, recommendations, etc. are available today.
The impact of fastener standards on our economy as a whole must be enormous—when you
consider the alternative that “everyone designs and builds his own.”

Fastener standards are published by several types of organizations, including the following:

Government organizations—for example, the National Institute of Standards and Tech-
nology (NIST), the Army, the Navy, the Air Force.

Engineering societies—important fastener standards are published by the Society of Auto-
motive Engineers (SAE), the American Society for Testing and Materials (ASTM), the
American Society of Mechanical Engineers (ASME) etc.

Trade associations—for example, the American Bureau of Shipping and the Association of
American Railroads publish well-known fastener standards.

Fastener manufacturers—the principal U.S. source is the Industrial Fastener Institute
(IFD), an association of fastener manufacturers. IFI publishes, among other things, a
complete list of other people’s standards. More importantly they sponsor basic research
to develop new standards, some of which are later adopted by other organizations such
as the ASTM.

Standards associations—general-purpose groups that publish standards on all sorts of
things. Principal ones at the moment are the American National Standards Institute
(ANSI) and the International Standards Organization (ISO).

Trade associations, military services, engineering societies, etc. tend, of course, to publish
standards affecting fasteners in which they have a special interest. Groups such as NIST,
ANSI, and IFI publish standards on all sorts of fasteners.

In general, standards cover such things as fastener materials, mechanical and physical
properties, strengths, configurations, dimensions, usage, definitions, finishes, test procedures,
grade markings, and manufacturing procedures. This does not mean that every standard
covers each of these things—just that standards exist for all of these topics and for others.

The full names and addresses of the organizations from which you can buy standards are
given in Appendix C. Web site addresses are also included for the first time.

2.3 SELECTING AN APPROPRIATE STANDARD

The purpose of a fastener standard is to define a group of materials and fastener configu-
rations which are appropriate for the typical needs of a particular industry or a particular
class of applications. The standard then makes it unnecessary for each engineer to be a
metallurgist when trying to determine what would be appropriate in his application. This
saves a great deal of time and money. Standards also reduce product and inventory costs,
control quality, enhance product and system safety, and do other important things. For our
purposes, we're interested in them as a source of material information.

If you work for an automobile manufacturer, your first choice of standards is simple—
you try those prepared by the SAE. If you’re involved with pressure vessels, you’ll be guided
by the ASME.
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What do you do if your own industry has not produced a set of bolting standards? There
are two readily available sets that are widely used by miscellaneous industries and designers. I’'m
sure that the most commonly used bolting standard, whether users realize they’re using it or
not, is SAE’s J429, which defines automotive Grades 1 through 8. Bolts of these materials are
made in large quantities and are therefore relatively inexpensive as specified or as standardized
bolts go. They’re readily available, and they cover a wide range of strength specifications, with
tensile strengths ranging from 60 ksi (414 MPa) for the cheaper materials to 150 ksi (1034 MPa)
for the more expensive Grade 8s. They’re available in sizes ranging from Y4 to 12 in. in
diameter. Therefore, they’re widely used for small- and medium-sized bolting jobs.

Another widely used set of bolting standards is published by ASTM. Several dozen
ASTM standards are available, covering a wide range of threaded fastener materials, sizes,
special applications, etc. You can buy individual standards or buy a bound volume containing
many of them, and you can obtain them through ASTM’s Web site. These standards will be
your first choice if you’re working with large equipment or systems—structures, off road
equipment, pressure vessels, power plants, and the like. Bolting materials are managed by two
ASTM committees. Committee A0l manages materials used for pressure vessel, piping, and
special purpose applications. These include such popular materials as A193, A194, and A540.
Committee F16 manages the rest, which are published in vol. 01.08 of their Annual Book of
Standards [65].

In most situations your needs will be covered by fasteners defined by either the ASTM or
the SAE. In every industry, however, including the automotive, there are special applications
where something better is required. And in some industries, such as aerospace, the unusual is
usual. The tables and descriptions that follow are intended to help you identify available
fasteners which are not normally used in your own industry, whether or not these are
common in someone else’s industry.

In earlier editions of this text I tried to list every property of interest for every material
listed—tensile, yield, and proof strengths; thermal coefficients of expansion; endurance
limits; and all the rest. But much of this information was not and is not available.
Different industries face different problems and specify only those properties of interest
to them. If the shear strength of an A193 B7 bolt wasn’t of interest to the normal user,
then no one is going to specify or report it. All of the information I could find is given in
the third edition and is summarized in this present edition or is represented by typical or
popular examples.

Before we get to the data, however, it is useful to discuss what is still a hot topic in some
parts of the bolting world (in spite of the antiquity of the topic!)—the issue of metric fasteners
versus English (U.S. or Unified or inch series) fasteners. The tables in this chapter include
data on both kinds, where available. But, generically, should you be interested in inch series
fasteners or in metric?

Automotive manufacturers in the United States have gone metric, as have some other
manufacturers who depend a great deal on exports; but most manufacturers here are still
using English or inch series fasteners. For those facing a decision, the choice will probably be
based on economic, political, or marketing considerations. From a purely technical point of
view, inch and metric fasteners are available in the same general strengths, with the same
general properties. Currently specified metric fasteners have, however, been designed and
specified more recently than most of their English counterparts. Past experience has revealed
some problems with English materials and geometry; the latest metric standards have
attempted, at least, to overcome these shortcomings. So metric fasteners may be slightly
better technically; but the differences are slight.

Note that the decision to choose metric involves two things: fastener material and fastener
configuration (or at least basic dimensions). We’re primarily interested in materials in this
chapter (and in this book). We’ll discuss metric fasteners in Section 2.6 of this chapter.
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16 Introduction to the Design and Behavior of Bolted Joints

2.4 BOLTING MATERIALS

Soon we’ll look at some specific properties of materials. But first, a word of caution: The data
which follow are for general reference only. The properties of an individual batch of bolts can
differ from the norm. The specific heat treatment used by one manufacturer can differ from that
used by another, and this will affect properties. You’ll sometimes find different values for a given
property of a given material in the standards published by different organizations. The ultimate
strength, for example, may differ depending upon the needs or design practices of various groups.

Differences of this sort are especially common for the more exotic materials used in
aerospace or extreme-temperature applications. The strength of such materials, as a matter
of fact, is often tailored for a specific application.

The diameter of the fastener can also affect its strength and other properties, because
some bolting materials cannot be through-hardened. Large diameters don’t get fully hardened
in the center, smaller diameters do; so large diameters have lower average tensile strengths
(in ksi or MPa). Material near the outer diameter of the fastener will support more load
than material near the center; so the average strength of the larger fastener is less.

The shape of a fastener can also affect its strength. We’re going to assume normal ANSI
or equivalent shapes in this text, and so will ignore the ramifications of special configurations.
But you’ll usually recognize an unusual configuration on sight and should be wary of
assigning normal properties to it.

Another factor causing variation in the data is the slow but fairly continuous evolution of
most bolting standards and specifications. The ASTM and other committees who write these
documents meet periodically and alter them whenever new experience, new conditions,
previous misunderstandings, etc. suggest that a change would be desirable. Some of the
data in the following tables come from standards first published 20 or more years ago. I've
reviewed more recent versions of most of these documents and, if I have found only minor
changes, have probably left the earlier numbers alone. Once again, however, if your designs
will affect life or safety, or if failure will have severe economic consequences, you should take
your design data from the current editions of the pertinent documents rather than from a text
of this sort. Use the tables that follow only as a shopping guide.

The data in the tables were taken from the ASTM or other standards or specifications
cited unless otherwise noted by reference numbers. The latter refer to the references at the end
of the chapter.

2.5 TENSILE STRENGTH OF BOLTING MATERIALS

Now we’re going to look at the room temperature proof, yield, and ultimate tensile strengths
of several traditional groups of fasteners, each group characteristically used by a different
industry or in a particular set of situations. These tables will help the beginner fish in the
correct pool. They are not intended to define every fastener material used in those industries
or applications, but merely representative examples. If a range of strength is given it usually
means that the larger diameters of fasteners (typically diameters over 1 in.) made from that
material cannot be through-hardened, and therefore have a lower average strength.

Proof strength: The proof strength of a bolt is defined as the highest stress it can support
without permanent deformation.

Yield strength: The yield strength is the maximum useful stress a bolt can support in most
applications and probably involves slight permanent deformation.

Ultimate strength: A load equal to its ultimate strength would break the bolt.

All data given in the following tables are in ksi. To convert to megapascals (MPa), multiply
by 6.895.
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2.5.1 GENErAL Purpose/AutomoTive GROUP

The most commonly used fasteners that are described by a specification (unspecified ones are
even more common) may be those defined in Standard J429 published by the SAE. Typical
examples include:

Grade Proof Yield Ultimate
2 55-33 57-36 74-60

5 85-74 92-81 120-105
8 120 130 150

2.5.2 StrRUCTURAL STEEL GROUP

These fastener materials are used in buildings, bridges, and other structures. Two of them,
A325 and A490, are commonly tightened past yield, on purpose, as discussed in Chapters 8
and 11. The specifications listed below are published by the ASTM (Committee F16).

Spec. Proof Yield Ultimate
A325 85-74 92-81 120-105
A354 105-95 109-99 125-115
A449 85-55 92-58 120-95

A490 120-117 130 170-150

2.5.3 PeTROCHEMICAL/POwER GROUP

The following materials are commonly used in petrochemical and power plants, as well as in
marine, mining, manufacturing, and other industries using heavy equipment. The structural
steel group of materials is also commonly found in such applications. The specifications listed
below are published by the ASTM (Committee AO1). The wide range of yield strengths listed
here, for a given material, results from the fact that these fasteners are often made in large
sizes—up to several inches in diameter—and the materials aren’t always through-hardened.
As mentioned earlier, the ASME publishes equivalent standards in which the materials listed
below are called SA193 B7, SA193 B16, SA540 B21, and SA540 B24.

Spec. Grade Proof Yield Ultimate
A193 B7 NA 105-75 125-100
A193 B16 NA 105-85 125-100
A540 B21 NA 150-105 165-120
A540 B24 NA 150-105 165-120

2.5.4 Metric GrouP

There are probably as many different specifications for metric fasteners as there are specifi-
cations for English ones. But, as discussed in Section 2.6, most metric standards have adopted
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18 Introduction to the Design and Behavior of Bolted Joints

a common series of strength designations. The data below, for example, can be found in either
ASTM A568 or SAE J1199, among other places. Again, to convert the following data to
metric MPa, multiply the number given below by 6.895.

Class Proof Yield Ultimate
4.6 33 35 58
8.8 87 96 120

10.9 120 136 151

12.9 141 160 177

2.5.5 EXTREME-TEMPERATURE MATERIALS

2.5.5.1 American Society for Testing and Materials (ASTM) F2281 Materials

The new ASTM F2281 standard describes a large number of materials which can be used in
high-temperature service [65]. Here are some examples. The data are given in ksi. Multiply by
6.895 to convert to MPa.

Grade Temperature Tensile Strength Yield Strength
600 600°F (316°C) 89.0 34.0
600 1800°F (982°C) 11.0 5.0
660 800°F (427°C) 138.0 93.0
660 1200°F (649°C) 104.0 88.0
660 1500°F (816°C) 36.5 33.0
718 600°F (316°C) 184.0 156.0
718 1400°F (760°C) 124.0 116.0

Standard F2281 also includes, in its appendix, a “Guide to Service Applications,” which lists
the maximum temperatures at which several materials can be used for continuous or inter-
mittent service. Here are a few continuous service examples.

Grade Temperature Limit
304 or 316 1600°F (871°C)
309 2000°F (1093°C)
330 2200°F (1204°C)

2.5.5.2 Traditional High-Temperature Materials

I consider many of the fasteners in this group “exotic’—they’re uncommon and often
expensive (see Table 2.4). I've also listed temperature limits of traditional ASTM A193
materials in Table 2.5. An aircraft designer might not consider an A193 temperature limit
of 800°F high temperature—but the petrochemical engineer does so. As you can see some of
the materials listed in Tables 2.4 and 2.5 can be used at temperatures as high as 3000°F
(1648°C) or can be used at cryogenic temperatures.
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Spec. Grade

ASTM A193 B7
B8
B16

BS4882 B80A

A286°

MP35N®

H-11

Inconel, X-750°

Waspaloy

Rene 41

% Values given are yield strengths for the cited temperature except for those values marked UTS,
where strength is given as ultimate tensile strength instead of yield.
® Also recommended for cryogenic applications.

Temperature Yield Strength®
°F °C ksi MPa
752 400 76 524
800 427 17 117
800 427 76 524
1400 760 73 503
1200 649 88 607
-320 —196 345 UTS 2379 UTS
1000 538 225 UTS 1551 UTS
1000 538 141 972
1500 816 44 303
1600 871 75 517
1600 871 80 552

Ref.

—

CEEEEEEY

2.5.6 CoRrRRrOSION-RESISTANT GROUP

19

As discussed in Chapter 16, no material will resist all types of corrosion. But ASTM
A193, BS4882, A286, and MP35N, listed above, are all considered corrosion resistant.
Other materials with this reputation include those listed below. See Chapter 16 for a more

complete list.

Spec.

Carpenter Gall-Tough
Nitronic 50

Inconel

AISI

AISI

Titanium

Stainless steel

Grade

430

600

316
416-H
6A1-4V
17-4PH

Yield Strength

ksi

40
70
37
45
95
128

128-185

MPa

276
483
255
310
655
883
883-1276

Ref.

(o]
(7]
B3l

B3]
1

2.5.7 Two New ASTM BOLTING STANDARDS

Virtually all of the bolting standards we deal with have been around, in one form or another,
for decades. They are under constant review and are often revised slightly, but they are
old friends. Two new bolting standards, however, have been adopted by the ASTM in
recent years. These are ASTM F2281 “Standard Specification for Stainless Steel and
Nickel Alloy Bolts, Hex Cap Screws and Studs for High Temperature Service” published in
2004 and F2282 “Standard Specification for Quality Assurance Requirements for
Carbon and Alloy Steel Wire, Rod and Bars for Mechanical Fasteners,” first developed by
IFI and adopted by the ASTM in 2003. Although the latter is described as a quality control
standard, it tabulates the mechanical properties of 90% of the materials used by the
fastener industry, including many or most of those specified by ANSI, ASME, SAE, ISO,

NIST, and others [66].
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20 Introduction to the Design and Behavior of Bolted Joints

Here are some examples of the room temperature tensile strength of the wide range of
materials covered by these new standards. The data are given in ksi. Multiply the numbers in
the tables by 6.895 to convert them to metric MPa.

2.5.7.1 Room Temperature Strengths of ASTM F2281 and F2282 Materials

F2281 Grade Grade Tensile Strength
316 75 30
431 125-180 140
600 130 85
718 180 150
600 130 85
718 180 150
F2282 Grade Tensile Strength

IFI-1006 60-62

IFI-1033 82-89

IFI-1514B 93-99

IF1-4140 90-102

So much for fastener groups. Again, these tables are far from complete. They’re
merely intended to give you typical data about the most widely used fastener materials.
Additional information and data closely related materials will be found in the referenced
standards.

2.6 METRIC FASTENERS

The current effort to get countries now using English units to adopt the more widespread
metric system includes, as it must, a new, international metric standard for fasteners.
Note that, heretofore, there hasn’t been just one metric standard. Engineers could and did
write as many different metric standards as we have English ones. But since most countries
have to accept some change in their own standards to comply with a new international
standard, the current effort is seen as a new—and maybe last—chance to reduce the vast
number of fastener types, sizes, materials, etc. now currently available. Having standards of
any sort was a start—there was a time when we didn’t even have that. But now we have a
chance to simplify things still further. In the long run, such simplification could more than
partially offset the cost of changing drawings, tools, inventories, manuals, procedures, etc. as
we adopt the new fasteners.

The numbers used to define the metric grades (called classes) have useful meaning. The
first number is equal to the minimum tensile strength of the material, in MPa divided by 100.
The second number represents the approximate ratio between minimum yield and minimum
ultimate strengths for the material. Hence, Class 5.8 has a minimum ultimate strength of
approximately 500 MPa, and its minimum yield strength is approximately 80% of its mini-
mum ultimate strength.

All this is far more useful than calling out “Grade 5 or “B7”” and letting the uninitiated
struggle to find out what that means—as we have always done in the past.

When we’re dealing with metric fasteners, we’ll want to use metric units for such things as
torque, stress, force, etc. You’ll find conversion factors (English to metric and vice versa) in
Appendix D.
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2.7 EQUIVALENT MATERIALS

A review of Section 2.5 will show that the sets or groups of materials favored by different
industries usually cover approximately the same range of yield strengths, with the strength of
common sets ranging from something like 30 to 105 ksi or so. As a result, you’ll often find that
a material, or at least a room temperature strength rating, in one group is matched by a similar
or equivalent material or strength in one or more other groups. Substitutions are sometimes
possible. In critical applications, however, you should look at the original specifications for
both materials. In many applications “equivalent strength” isn’t the only criterion for selection.
Response to a change in temperature or to corrosion or other factors may differ.

But equivalent materials are available. As one example, all of the following define
basically material of the same strength.

AISI 4140 ASTM A193 B7
ASTM A194—GR 7 ASTM A320—GR L7
Metric 9.9 SAE J429 GR 5+

BS 970-En 19A BS 1506-621 A

DIN 267—9.9 ASTM SA193—B7

As mentioned earlier, the new ASTM standards F2281 and F2282 cover most popular
bolting materials; so additional equivalents can be found there. As an example, F2282
Grade IFI-4140 material is the equivalent of AISI 4140, and therefore of all of the other
materials listed above.

2.8  SOME COMMENTS ON THE STRENGTH OF BOLTING MATERIALS
2.8.1 IN GENERAL

The preceding tabulations give typical room temperature strengths of various male fastener
materials (bolts, studs, screws) under static, tensile loads. This strength is expressed in three
different ways—proof, yield, and ultimate tensile—depending on the available data.

Other aspects of the room temperature strength of bolts are covered later: namely, shear
and brittle fracture strengths. A chart giving the relationship between yield strength and
material hardness is also included. This can help you identify or estimate the strength of
unmarked or suspect materials. Again, only male fastener materials are included here. Nut
materials are covered in Table 2.2.

It is sometimes necessary to determine what material an unmarked bolt is made from, or
to estimate its strength. A metallurgical analysis is required for a completely accurate answer;
but it has been shown that there’s a rough correlation between the hardness of a bolt and its
yield strength (within reason—see the discussion of brittle fracture strength below). Studies of
low-alloy, quenched, and tempered steels (LAQT steels) for example, sponsored by the
Atomic Industrial Forum/Metals Properties Council Joint Task Group on Bolting, resulted
in the curve shown in Figure 2.1. Examples of an LAQT steel would be AISI 4140, ASTM
A193 B7, ASTM A490, SAE J429 GR 5, etc.

2.8.2 SHEAR STRENGTH

Since most bolts are used as clamps, not as shear pins, most bolting specifications
and standards list only one or more forms of tensile strength (proof, yield, or ultimate) and
not shear strengths. Table 2.1 lists those few materials for which I’ve found published or
reported shear strengths.
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FIGURE 2.1 Yield strength versus hardness for low-alloy, quenched, and tempered steels such as ASTM

A193 B7.
TABLE 2.1
Shear Strength
Material Ultimate Strength (ksi) Shear Strength (ksi) Notes Ref.
ASTM A325 132 79 [16]
ASTM A490 165 96 [16]
Stainless steel
A286 232 119 17
431 230 128 17
Custom 455 269 151 17
PH12-9Mo 280 148 [17]
PH13-8Mo 243 142 [33]
Cryogenic materials
A286 214 116 At 70°F [18]
A286 291 282 At 423°F [18]
Unitemp 212 214 132 At 70°F [18]
Unitemp 212 278 166 At 423°F [18]
Inconel 718 226 138 At 70°F [18]
Inconel 718 291 168 At 423°F [18]
Miscellaneous materials
H-1l 238 135 [33]
H-1I 269 159 [33]
Marage-300 277 149 [33]
MP35N 283 162 [33]
Ti 6A1-4V 200 180 [18]
Beryllium 75 40 [18]
Steel 200 240 [18]
MP159 132 [58]
Fastener grade aluminum
2024-T4 68 41 [57]
6061-T6 45 30
6262-T9 58 35
7050-T73 75 45
7075-T6 83 48
7075-T73 73 44

Source: ASTM specifications A325, A490, A286; and references cited at the end of the chapter.
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If the material you’re interested in is not included in Table 2.1, it might help to know that
most of the common steels we’ll use, with hardness to 40 HRC or so, will have shear strengths
in the neighborhood of 60% of ultimate tensile strength, or, in MIL-Handbook 5 terms,
Fsu=0.6 Ftu [63]. The stainless steels are an exception to this rule of thumb; they have shear
strengths which are about 55% of their ultimate strengths, or Fsu=0.55 Ftu [63].

Note that these are only rules of thumb and that other sources give other rules. The
Unified Inch-Series Thread Standard ASME BI. 1-1989, for example, says that the shear
strength of threads is half the tensile strength of the material from which the external threaded
part is made. This reflects the fact, I suppose, that nut materials are supposed to be slightly
weaker than the bolt materials they’re used with, or there’s a small safety factor introduced
here to reduce the chances that the threads will strip.

A still different rule comes from ““the” book on structural steel joints [49], which suggests
that the shear strength of most common (structural steel) joint materials is 70% of the
ultimate strength of those materials.

2.8.3 BEARING YIELD STRENGTH

Another material property we often need when dealing with the shear strength of the bolts is
the bearing yield strength of the joint material. We want the bearing yield strength of the joint
members in a shear-loaded joint to be less than the shear strength of the bolts. If this is the
case, the walls of the bolt holes in the joint plates will yield before the bolts shear. This will
usually bring more bolts into bearing, reducing the shear loads on the first bolts to contact the
walls of their holes.

As another rule of thumb, the bearing yield strength of common joint materials is about
1.5 times the material’s tensile yield strength, or, in MIL-Handbook 5 nomenclature,
Fby=1.5 Fty [63].

The strengths in Table 4.1 are given in ksi. To convert to metric MPa, multiply the value
given by 6.895. For example, a shear strength of 132 ksi would be the equivalent of
6.895 x 132=910 MPa.

2.8.4 HARDNESS VERSUS STRENGTH

Simplistically, a harder steel is always a stronger steel. A small fastener can do a big fastener’s
job—saving weight, reducing joint size, etc.—if the small one is hard enough. It’s appealing!

Harder fasteners tend to be more brittle, however, and are therefore more susceptible to
unexpected brittle fracture, the failure originating from an undetected crack or flaw in the
surface. The harder the fastener, the greater the chances of such failure. Attempts have been
made, therefore, to specify the safe limits of hardness and strength which we can count on
[14,15]. Figure 2.2 shows the results for LAQT steels such as AISI 4140, A193 B7, and similar
materials.

Curve A shows the yield strength of LAQT steels as a function of increasing hardness, a
repeat of Figure 2.1. An increase in hardness produces an apparently limitless increase in
strength [14].

These results are supported, in the HRC 40-50 region, by curve B, which shows the results
of a series of tensile tests made on alloy steel bolts heat-treated to different hardnesses and
tested in a tensile machine [15]. This time the information plotted is ultimate strength, not
yield strength; so curve B is slightly above curve A in the region of overlap.

As before, curve B shows a steady increase in strength as hardness is increased—but
only up to the point described as ‘““critical hardness’ [15]. Increasing the hardness progres-
sively beyond this point (or region: the data showed quite a bit of scatter) resulted in brittle
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FIGURE 2.2 Curve A is a repeat of the yield strength versus hardness curve for low-alloy, quenched, and
tempered steels (Figure 2.1). Curve B is a plot of ultimate strength versus hardness for similar materials.

The dramatic fall in curve B beyond hardness HRC 52 reflects the tendency of very hard steels to fail
early by brittle fracture.

failure at progressively lower and lower tensile loads. Presumably stress concentrations
were created by cracks or flaws, and the material became less and less able to shed or
reduce these concentrations by localized plastic yielding in the vicinity of the crack.
Eventually the bolts would break. They were truly supporting high stress levels, as an
increase in hardness says they should, but only in a local area. The average stress across
the full bolt, when it broke, was less than the average stress a softer, more ductile bolt
would support.

2.9 NUT SELECTION

A threaded fastener consists of a bolt and nut (or tapped hole). Knowing the strength of the
bolt alone is not sufficient, since it’s never used alone. We also want a nut or tapped hole
which will develop the full strength of the bolt.

Specifications such as ASTM A194 and A563, SAEJ995, etc. tabulate the proof, yield,
and ultimate strengths of nuts the way ASTM A193, A449, and SAE J429 tabulate bolt
strengths. Listing all of that information would nearly double the number of tables in this
chapter. But I don’t think that’s necessary.

Most designers and users focus on the strength and other characteristics of the bolt or
stud. Having selected a bolt, they then want to choose an appropriate nut, or design a suitable
tapped hole. As far as tapped holes are concerned, you can use the thread strength equations
of Chapter 3 to select such things as length of thread engagement. When it comes to nuts,
most designers will use those recommended in the pertinent bolt specification they’re using—
or in the nut standard to which the bolt standard refers.

Table 2.2 summarizes these bolt-nut recommendations. If you want to confirm that
the recommendations are correct for your application, you can refer to the standards
cited in the table. If you're bothered by the fact that several grades of nuts are some-
times listed for a single bolt material—that’s the way the nut or bolt standard does it too.
Any of the several nuts listed are acceptable for that bolt. You can base your choice on
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TABLE 2.2
Which Nut Material to Use
Bolt Spec. Grade Nut Spec. Grade
ASTM BS ASTM Any
A193 B6 A194 Any
B7 2H, 4,7, or 8
B7M 2HM, 4M, M, 19, 8M
BSCL1 8
B8CL2 8
Bl16 4,7, 0or8
ASTM ASTM A, B, C, D, DH,
A307 AorB A563 DH3
ASTM L7 ASTM 4or7
A320 L43 A194 4or7
LM ™
LI 4or7
B8CLI1 8
BSCL1A 8
BSCL2 8
BSMCL2 8
ASTM A194 or A563 2 or 2H
A325
A354 A563 C3, D, DH, DH3
Ad49 A563 C3, D, DH, DH3
A453 A453 C3, D, DH, DH3
A490 AS563 or A194 DH, DH3, 2H
A540 A540
SAE 1 SAE 2
J429 2 J995 2
4 2.5
5 5.8
7 5,8
8 8
Metric 4.6 4
4.8 4
5.8 5
8.8 8
9.8 9
10.9 12
12.9 12

Special combinations to resist galling
Stainless steel

316 Stainless steel 400 series
Nitronic 60 Nitronic 50
Cold drawn 316 Cold drawn 316
Low-alloy steel A193

B7, B16 Stainless steel 300 series

Source: ASTM specifications A194, A563, A453, A540; SAE specification J995; and references cited at the end of the
chapter.

availability, cost, your desire to standardize your own inventories, or on a special require-
ment for your application.

In some cases you’ll be using a bolt which is not included in Table 2.2. Nut recommen-
dations are not made, usually, for the more exotic bolt materials, for example. In such cases,
you’ll find the following general guidelines of use:
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1. In general, we want the nut or tapped hole to support more load than the bolt,
because bolt failures are easier to detect than stripped nuts. One rule of thumb: the
nut’s proof load should approximately equal the ultimate tensile strength of the
bolt [21].

2. In an apparent contradiction of the above, nuts are usually (but not always) made of
slightly softer (less strong) material than the mating bolts, so that the nut threads
will yield locally and better conform to the bolt threads when loaded. This better
distributes the stresses in both parts.

Note that the strength of a part depends on dimension, shape, etc. as well as choice of
material. This is why it is possible to make a stronger nut from a weaker material.

3. If you need a nut for a bolt made of a special material such as titanium,
you’d presumably make the nut of the same material. The nut might be heat-treated
differently, however, to satisfy point 2 above. Again, this is not a universal custom.
Note that a nut made of a different material than the bolt could cause galvanic
corrosion.

4. The strength of a nut depends, in part, on the length of thread engagement. To
increase safety or reduce failure rates, you can consider increasing the length of
engagement. Doubling the length of the nut, however, won’t double its strength; the
relationship is more complex than that, as discussed in Chapter 4.

5. A nut’s strength also depends on its width across flats. Thread surfaces at 60° to the
axis of the bolt create radial forces which tend to spread the most heavily stressed
portion of the nut (the first few threads of engagement) as the fastener is tightened.
This process is called “nut dilation.” Nuts with thinner walls dilate more—partially
disengage themselves from the bolt under load—and so have less strength. This is one of
the reasons why standard nuts are available in several configurations—hex nuts, thick hex
nuts, and heavy hex nuts. These differ in height (thread length) too. Your choice will be
based on economics and on the fact that most bolts (and nuts) aren’t loaded anywhere
near the limit of their strengths. As a result, a regular hex nut—or equivalent in a tapped
hole—is sufficient for most applications. Thicker, heavier nuts would be preferred if
the bolts are to be loaded to target preloads beyond 60%—70% of yield perhaps, or if the
consequences of failure suggest that an extra degree of safety would be prudent.

Note a curious fact that bothers many bolting engineers. There are no standards
which define the strength or behavior or properties of a bolt-and-nut system. Instead, we have
separate standards for male and for female fasteners. And in some situations the dimensional
tolerances on threads are such that the resulting thread engagement can be poor, sometimes
resulting in a bolt-nut system which will be unable to develop the full load either could support
if tested alone. Mechanically galvanized inch series ASTM A325 bolts and nuts, for example,
can cause problems. See Yura et al. [16] for a lengthy discussion of the nut-bolt specification
problem, as related to A325 and A490 fasteners and their metric counterparts.

One frequently asked question is “What nut should I use to minimize galling between nut
and bolt?” Table 2.2 ends with a few combinations I have heard recommended by petro-
chemical or nuclear power engineers. They may be worth trying in your application.

2.10 EFFECTS OF TEMPERATURE ON MATERIAL PROPERTIES

The clamping force first exerted by the bolt on the joint at the time of assembly is affected by
changes in temperature. If the operating temperature of the system is higher than room
temperature, then the strength of the bolt will be less than it was at assembly. As a result,
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too high a temperature can cause a bolt—especially a heavily preloaded one—to fail. This is
certainly a type of instability we want to avoid.

2.10.1 THERMAL ExpANSION

Thermal expansion also encourages clamping force instability. Since few joints operate at a
perfectly constant temperature, thermal expansion or contraction of bolts and joint members
is virtually universal. This is only a problem, however, when we’re dealing with dissimilar
materials having different coefficients, or are dealing with a system in which bolts and joint
members reach different temperatures in operation. Generally speaking, the change in tem-
perature must be significant too, before we run into problems. Normal changes in ambient
temperature don’t, in my experience at least, cause problems.

Typical, room temperature coefficients of linear expansion for LAQT bolting materials
range from 6 to 7 x 10° in./in./°F, with the full range for less common materials running
perhaps from 5.5 to 10.2 x 10°° in./in./°F. The values tend to be slightly higher at elevated
temperatures, e.g., 7-10 at 800°F (427°C).

The data are in inches/inch/°F, as stated. To convert to metric units of mm/mm/°C,
multiply the tabulated value by %. For example, a coefficient of 6.5 in./in./°F would be the
equivalent of 6.5 x % =3.61 mm/mm/°C.

Let’s look at an example. The temperature of a /420 x 4, J429 GR 8 bolt is raised from
room temperature (70°F) to 400°F, and increase of 330°F. The length of the bolt will, as a
result, be increased by

4% 6.5x%x 107 x 330 = 8580 x 10~° = 0.0086 in.

That may not seem like much but, as we’ll see in Chapter 5, a 4 in. LAQT bolt will
probably be stretched no more than 0.010 in. during assembly; so a change in length of 0.0086
could cause it to loose most of its preload if the joint doesn’t expand under it by a similar
amount.

Variations in the modulus of elasticity can also affect the clamping force, because the
modulus, in part, determines the stiffness of bolts and joint members. Stiffness and stiffness
ratios affect the degree to which the clamping forces introduced at assembly will change when
the joint is subsequently subjected to external loads, temperature changes, and the like, as
we’ll see in Chapters 6, 10, and 11, for example.

Typical values for the modulus are 31 x 10* ksi at cryogenic temperatures, the familiar
30 x 107 ksi at room temperature, and perhaps 24 x 10° ksi at 800°F. This is true of many joint
materials, too, but there are many exceptions here. For example, cast iron has a modulus
of 12-14 x 10* ksi, ductile iron 22 x 10* ksi, and magnesium only 6.1 x 10* ksi: all at
room temperature. Table 5.1 in Chapter 5 lists the modulus of elasticity for many bolt and
joint materials.

Because the modulus changes as temperature changes the response of the bolt and joint
to loads is often different at different temperatures. In fact, the temperature-induced
change in modulus can alone change the tension in a bolt, all other effects aside, as we’ll
see in Chapter 11. So, modulus with and without temperature change affects the stability of
the clamping force in several ways.

The modulus data above are in ksi. To convert these data to metric units in GPa, multiply
the two digit numbers tabulated by 6.895. A modulus of 30 x 103 ksi, therefore, equates to
30 x 6.895=207 GPa.

Stress relaxation is a cousin to the more familiar phenomenon called creep. Creep involves
the slow change in dimension (the strain) of a part subjected to a heavy load (stress). If we
threaded one end of a stud into a ceiling, hung a heavy weight from it, and turned up the
temperature in the room, the stud would slowly stretch and eventually break.
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FIGURE 2.3 Stress relaxation of petrochemical bolting materials as a function of service temperature.

Exposure in each case was for 1000 h at the temperatures shown. (From Standard BS 4882:1973, British
Standards Institution, London, 1973.)

Stress relaxation, on the other hand, involves the slow shredding of load (stress) by a part
under constant deflection (strain). A bolt which has been tightened into a joint, for example,
is held in a constant, stretched condition by the joint members. The initial tension in the bolt
will gradually disappear if stress relaxation occurs. Again, high temperature encourages the
process. So stress relaxation is another possible source of “instability” of the clamping force
created on the joint when we first tightened those bolts.

We'll look at stress relaxation in Chapter 11. As we’ll see, it’s only a problem at elevated
temperatures.

Figure 2.3 and Table 2.3 give data on stress relaxation for a number of fastener materials.
Data in Table 2.3 are from BS 4882 on petrochemical bolting materials [20].

Figure 2.3 shows the residual stress in a bolt after 1000 h of exposure to the temperatures
shown. As an example, a carbon steel bolt will lose approximately 30% (retain 70%) of its
initial preload if exposed to 300°C for 1000 h. The material references in Figure 2.3, B7, B8,
B8M, and B16, are from BS 4882:1973 and correspond to equivalent materials in ASTM A193.

TABLE 2.3

Stress Relaxation High-Temperature Service Limit
Material (from BS 4882) Temperature
Carbon Steel 572°F (300°C)
Mild Steel 572°F (300°C)
B7 752°F (400°C)
B16 932°F (500°C)
B16 968°F (520°C)
B8, BST, B8C 1067°F (575°C)
BSM 1112°F (600°C)
B17 1202°F (650°C)
BSOA 1382°F (750°C)
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B17 is an A1SI660 austenitic alloy. BS8OA is more commonly known by its trade name,
Nimonic 80A. Neither of these materials is found in A193.

Stress values in Table 2.3 are given in ksi. To convert to metric MPa units, multiply the
value shown by 6.895. For example, a stress of 30 ksi would be the equivalent of
30 x 6.895 =207 MPa.

A final word about Table 2.3. This table shows the maximum service temperatures which
BS 4882 and equivalent materials can experience continuously without losing most of their
preload or tension [20]. Comparison of some of these data with Figure 2.3 will show that these
upper service limits define the final knee in the residual stress—temperature curves for the
materials. Some stress relaxation will occur below these temperatures, but it won’t be as
extreme as the relaxation which will occur above them. See Figure 2.3 for identification of B7,
B8, B17, etc.

In spite of stress relaxation there are many exotic acrospace bolting materials that can be
used at very high temperatures and still retain enough strength and energy storage capacity to
be useful. A number of these are listed in Table 2.4.

We’re usually concerned about stress relaxation if our bolted joints will be exposed, on
purpose, to high in-service temperatures for long periods of time. We use high-temperature
materials for such applications and take their stress relaxation into account when estimating
in-service clamping forces. We face different problems if our products are subjected to high
temperature accidentally, during a fire, for example.

TABLE 2.4
Service Temperature Limits

Temperature Limit

Material Type Name UTS (ksi)® °F °C Ref.
Iron-base alloys 4340° 180 450 238 [58]
PH13-8 M 220 650 344
Custom 455 220 650 344
Marage 300° 260 900 483
H-11° 260 900 483
A286 200 1200 649
TD-Ni-Cr 18°
Nickel-base alloys MP35N 260 700 372 [58]
Inco 718 180 1200 649
Rene 95 230 1200 649
Rene 41 150 1400 760
Waspaloy 150 1400 760
Astroloy 190 1600 871
Titanium-base alloys Ti 1-8-5 200 300 148 [58]
Ti 6-6-2 180 500 260
Ti 6-4 160 500 260
1093
Haynes alloys HA 188 45°¢ 1800 982 [58]
HA 214 2000 1093
HA 230 2000 1093
Columbium base Cb752 35¢ 2500 1371 [58]
C 1294 35¢ 2500 1371
Tantalum base T-222 20¢ 3000 1648 [58]
Ta-10W 18° 3000 1648

% At room temperature unless otherwise specified.
® Protective coating required.
¢ At maximum service temperature, not at room temperature.
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FIGURE 2.4 The residual preload in a group of structural steel bolts, as a percentage of the initial, room
temperature preload, after 1 h soaking at the various temperatures shown. From this data the investi-
gators concluded that fire temperatures above 350°C (662°F) and soak times greater than 1 h could
seriously damage the integrity of a structure. Note that the diameter of the bolt influences the rate at
which it loses preload. The upper curve is for an M30 bolt, 30 mm (about 1.2 in.) in diameter. The lower
curve is for a smaller MI6 bolt. (From Wakiyama, K. and Tatsumi, A., Trans. A.1.J., 19, 313, 1982.)

Figure 2.4 shows the response of structural steel bolts when exposed to high temperatures
for only 1 h. These tests were conducted in Japan, but I assume that their structural steel bolts
would be comparable to our A325 and A490 materials.

The people who conducted these tests conclude from the data summarized in Figure 2.4
that a slip critical structural steel joint (see Chapter 12 for definition of a slip critical joint)
could safely be exposed to a fire temperature of 350°C (662°F) and still retain structural
integrity [59]. Bolts tightened to a standard preload would lose perhaps 10% of this preload in
1 h. Bolts tightened to only 90% of standard preload would lose as much as 20%, however.

By further experiments they found that there’s a cumulative time and temperature effect
here. A clamping force loss of 20% was encountered in bolts exposed to any of the following
combinations of time and temperature [60]:

250 h at 250°C (482°F)
20 h at 300°C (572°F)
0.7 h at 350°C (662°F)

Other bolted joints showed a 30% loss of clamping force after:

4100 h at 250°C (482°F)
880 h at 300°C (572°F)
3.2 h at 350°C (662°F)

As Figure 2.4 shows, higher temperatures resulted in greater loss; 1 h at 500°C (932°F)
reduced tension in bolts to only 10% of their initial preload, for example. Rapid cooling—e.g.,
in water—increased the loss, incidentally. I still think it would be a good idea to let the
firemen squirt water on your burning buildings!

www. Engi neeri ngEbooksPdf . con



Materials 31

TABLE 2.5
Cryogenic Bolting Materials Used to —423°F (—253°C)
Type Name Room Temperature UTS (ksi) Ref.
Iron-base alloys A286 140 [58]
C.R. A286 200
PH13-8 Mo 220
Custom 455 220
Nickle-base alloys Rene 150 [58]
Waspaloy 150
Inco 718 180
Astroloy 190
C.R. Inco 718 220
MP35N 260
Titanium-base alloys Ti 5A1-2.5Sn 110 [58]

So much for elevated temperatures. We're also sometimes concerned with extreme temper-
atures in the other direction. Table 2.5 and Figure 2.5 provide some data about the strength of
certain exotic materials to very low, cryogenic temperatures [58]. Unfortunately, my source gave
only the room temperature strengths for most of these materials, as you’ll see from Table 2.5.
Figure 2.5 suggests that their cryogenic temperature strengths could be higher than their room
temperature strengths, but that there will be exceptions such as the particular titanium alloy
shown in the chart. You’ll have to contact aerospace bolt manufacturers for further information.

2.10.2 MISCELLANEOUS TEMPERATURE PROBLEMS

Prolonged exposure to high temperature can embrittle a fastener, reduce its resistance to corro-
sion, and reduce its impact strength [65]; so, if safety is involved the designer or user would be well
advised to seek expert advice if dealing, for the first time, with elevated temperatures.

400 T T T
MP35N
E ool \ ]
< A286
iS)
c
9] i J
7]
[0]
g
= Ti-1AI-8V-5Fe
S 1001 1
o 1 1 1
-423  -320 Room
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FIGURE 2.5 The ultimate strength of three exotic bolting materials at cryogenic temperatures. As
suggested here, the strength of some materials is increased by a very low temperature, but it would be
unwise to assume that this is true for all materials. The strength of another titanium alloy, Ti-5Al-5Sn-5Zr,
increases between room temperature and —320°C but then decreases a bit if further cooled to —423°C.
Its strength at that temperature is about 210 ksi, still above its room temperature ultimate of about
160 ksi. (From notes for a bolting seminar prepared by Ray Toosky of McDonnell Douglas, 1991.)
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2.11 OTHER MATERIAL FACTORS TO CONSIDER
2.11.1 FATIGUE PROPERTIES

Cyclic loads can cause a bolt to fatigue and break, destroying the clamping force on the joint.
The number of load cycles a bolt will tolerate before failure is called its fatigue life.

This fatigue life depends on many factors, as we’ll see in Chapter 15. The data are given in
two different ways: as endurance limit or as fatigue strength. The endurance limit is the
maximum tensile stress the bolt can stand for an infinite number of cycles, infinite life.
Fatigue strength is the maximum stress the bolt will stand for an average life of given number
of load cycle. As an example, an AISI 4340 bolt, heat-treated to a room temperature ultimate
tensile strength of 165 ksi, can be expected, on the average, to tolerate 1000 cycles of load if
that load never exceeds 10 ksi. Your bolts might stand more or less load than this, for 1000
cycles; but your results would probably be similar to those reported here. You’d be unlikely to
get 10 times this much life, or one-tenth of it.

2.11.2 CORROSION

Predicting the useful life of a fastener in a corrosive environment is perhaps even more
difficult than predicting its life under cyclic, fatigue loads. Much depends on the nature of
the electrolyte, which can take an almost infinite number of forms, concentrations, etc.
Temperature can play a large role. So can geometry of the parts, stress levels, stress concen-
trations, the properties of mating parts, surface flaws, crevices between parts, fluid velocity,
and many other factors—as we’ll see in Chapter 16. When selecting a fastener material,
however, it can be useful to have a checklist of available materials which are considered
“corrosion resistant” in general. A list of corrosion resistant materials can be found in Section
2.5 of this chapter. You’ll find a longer list in Chapter 16.

2.11.3 MisceLtANEOUS CONSIDERATIONS

The data in Table 2.6 often influence the selection of a fastener material and may dominate
the selection in some cases. Weight is especially important in aerospace applications and is
coming to mean more and more in automotive work. Cost is always of concern to the
responsible designer.

As far as cost is concerned, however, remember that it is influenced by many factors—the
quantities purchased, the popularity of a particular size or configuration of fastener, eco-
nomic conditions at the time of purchase, the competition for a particular market, trade laws
and tariffs, etc. The prices charged for such commercially available materials are also subject
to more or less frequent change.

On the other side of the argument, however, remember that the material cost of a fastener
is only part of the job cost. If you use a more expensive (stronger) material, you may be able
to use fewer and smaller fasteners. Joint members can also be scaled down, in many situa-
tions. Assembly costs may be reduced because you don’t have to tighten as many bolts or
open preload tolerances. Warranty and liability claims may be reduced by fewer fastener
failures. In short, true cost is a complex issue.

2.12 JOINT MATERIALS

We’ve already considered some joint material properties—the coefficient of linear expansion
and the modulus of elasticity, for example—because these things affect the stability of the
clamping force. Now we’re going to look at the room temperature strength of some typical
joint materials. I call these typical because the choice of joint material is virtually unlimited.
But the data in Table 2.7 can be found in ASME, SAE, or other standards.
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TABLE 2.6
Relative Weights of Fastener Materials
Fastener Material Relative Weight
Nylon 0.05
Beryllium 0.066
Aluminum (2024-T4) 0.100
Titanium 6A1-4V 0.16
Steel 0.28
H-11 0.282
Waspaloy 0.286
A286 0.286
Rene 41 0.298
Inconel X-750 0.298
Inconel 600 0.301
Naval brass 0.304
K-Monel 0.305
Phosphor bronze 0.320
Source: From Hood, A.C., Mach. Des., December 1981; Sproat,
R.L., Mach Des., 38, 107-122, 1966; 1984 SAE Handbook, SAE,
Warrendale, 1, 10.137-10.139, 1984; 1984 SAE Handbook, SAE,
Warrendale, 1, 10.22, 1984.
TABLE 2.7
Room Temperature Strength of Typical Joint Materials (ksi)
Strength
Joint Material Yield Tensile Shear Ref.
Structural steels
Low-carbon steels (A36, Fe37) 33-36 58-80 41-56 [48]
High-strength steel (A588) 42-50 63-70 44-49 [48]
High-strength, low-alloy steel 40-65 60-80 42-56 [48]
(A242, Ad41, A572, Fe52)
Quenched and tempered carbon steel (A537) 50-60 70-100 49-70 [48]
Quenched and tempered alloy steel 90-100 100-130 70-91 [48]
(A514, A517)
Automotive materials
Steels
SAE J414
1010 hot rolled 26 47 35
1010 cold drawn 44 53 37
1020 hot rolled 30 55 41.2
1020 cold drawn 51 61 43
1035 hot rolled 39.5 72 54
1035 cold drawn 67 80 56
Aluminum die castings 14-24 46 19-29
SAE J453
Grade 303, 306, 308, 309
Grey iron castings
SAE J859
G1800 — 18 —
G2500 — 25 31 [55]
G3000 etc. — 30 38
continued
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TABLE 2.7 (continued)

Room Temperature Strength of Typical Joint Materials (ksi)

Joint Material

Malleable iron castings
SAE J158
M3210
M4504
M5003
M5503
M7002
M8501
Ductile iron castings
SAE J434
D4018
D4512
D5506
D7003
Steel castings
SAE J435
ASTM A27
ASTM A148 low alloys
ASTM A148 high-strength alloys
Pressure vessel and piping flanges
Ferritic steels for high-temperature service
ASTM A182, GR. Fl, F2, F5,
F7, Fll, F12, etc.
ASTM A182, GR. F6a Cl 2
GR. F6a Cl 3
GR. F6a Cl 4
GR. F6b, F6ONM

Austenitic stainless steels for high-temperature service
ASTM A182, GR. F304, F310,
F316, F347, F321, etc.
Grades F304N, F316N
Grade FXM-19
Gray iron castings
ASTM A278 CI 20
C130
C140
C150 etc.
Ductile iron castings
ASTM A395
Alloy steel forgings for low-temperature service
ASTM A522

Austenitic ductile iron castings for low-temperature service

ASTM A571-71

Strength

Yield Tensile
32 50
45 65
50 75
55 75
70 90
85 105
40 60
45 65
55 80
70 100
30 60-65
50-60 80-90
85-145 105-175
40 70
55 85
85 110
No 130
90 110-135
30 75
35 80
55 100
— 20
— 30
— 40
— 50
40 60
75 100
30 65

Shear

49

60
77
91
77-95

Ref.

[50]
[50]
[50]

[50]
[50]

[50]

[50]
[50]

[50]
[50]
[50]
[50]
[50]
[50]

[50]

Source: ASTM specifications A36, Fe37, AS88, A242, A441, AS72, Fe52, A537, A514, A517; SAE specifications
J414,J453, 1859, J158, J434, J435; Kulak, G.L., Fisher J.W., and Struik, J.H.A., in Guide to Design Criteria for Bolted
and Riveted Joints, Wiley, New York, 1987, 9-11; ASME Boiler and Pressure Vessel Code, Section 11, Part A, ASME,
New York, 1980; Juvinall, R.C., in Engineering Considerations of Stress, Strain and Strength, McGraw-Hill, New Y ork,

1967, 559.
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The strength of joint materials is usually not a major factor in bolted joint analysis or
design. If the bolt holes are placed too close to the edge of joint members, however, they can
tear out under shear loads, as we’ll see in Chapter 3. More commonly, we’ll manage to strip
the threads from a tapped hole, another failure in shear of the joint material.

Although such failures are reasonably common, you’ll find that most bolted joint failures
can be traced to failure of the bolts, or, even more commonly, to poor assembly practices.
Nevertheless, some joint strength data are useful.

Incidentally, although many of the joint material failures we’ll experience are in shear,
information on shear strength is especially difficult to find. Apparently, shear tests are
difficult to make and give scattered results. Therefore, in Table 2.1, I've often resorted to
Fisher’s comment that the shear strength of most common steels is usually about 70% of the
tensile strength [49]. He’s dealing with structural steels, so I wouldn’t extend that rule of
thumb to castings or aerospace materials or other things which may be common in other
industries. But I must confess I haven’t found much data.

The information in Table 2.1 comes from the standards cited and from the references
given in the final column.

The values in the table are given in ksi. To convert to metric MPa units, multiply the
number shown by 6.895. For example, a yield strength of 33 ksi would be equivalent to
33 x 6.895 =228 MPa.

EXERCISES

1. When choosing a bolting material we must consider its affect on the clamping force to be

created by those bolts in service. Name two important aspects of the clamping force

which will be affected, in part at least, by the choice of bolt material.

Name several factors that can lead to a change in clamping force in an assembled joint.

Name at least three sources of bolting standards.

Three different tensile strengths are given for many bolt materials. Name them.

Which of the three is most commonly used to specify bolt size (diameter) for a given

application?

What’s the maximum proof strength (in ksi) of a J429 GR 8 bolt and that of an ASTM

A490 bolt?

7. What’s the proof strength of a metric Class 10.9 bolt in MPa?

What is the ultimate strength and the yield strength (in MPa) of metric Class 4.6 bolt?

9. Does an increase in hardness increase or decrease the tensile strength of a steel bolting

material?

10. Define nut dilation. Why can it be a problem?

11. Compute the approximate thermal expansion of a /213 x 2, SAE J429 GR 8 bolt when it
is subjected to a temperature rise of 150°F (e.g., from 70°F to 220°F).

12. Define stress relaxation of bolts. Under what conditions is it apt to be a problem?

13. What is a cryogenic bolt material?

14. Which definition of strength are we most often concerned about when selecting a joint
configuration or material?

15. Name the two committees who manage ASTM bolting standards.
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Stress and Strength
Considerations

In the last chapter we studied the strengths of the materials from which threaded fasteners are
made. Now we will look at the resulting strengths of those fasteners themselves. As we do this
we should remember that the bolt’s job is to clamp the joint together firmly enough to prevent
slip, separation, or leakage, and that the bolt must be strong enough to support the maximum
preload it receives at assembly, plus the maximum additional loads it sees in service as a result
of forces applied to the joint, differential thermal expansion, etc. When designing, evaluating,
specifying, or selecting a bolt for a particular job, therefore, one of our first questions will be:
“Is this bolt strong enough to clamp this particular joint?”” As we’re about to see, the question
is much simpler than the answer, because there are many aspects to the concept of strength
when we’re dealing with a bolt.

3.1 TYPES OF STRENGTH

In general, of course, the strength of any machine part is determined by such things as the
size and shape of the part, the material it’s made from, the heat treatment of that material, its
operating temperature, and its condition (has it been abused, is it corroded, etc.). Engineers
also define strength in a variety of ways. Here are the more important definitions we use when
we’re dealing with bolts.

3.1.1 TeNSILE STRENGTH

First, we must worry about the capacity of the bolt to generate and sustain a sufficient tensile
force, since that force will be one of the main factors which determine the clamping force
between joint members. (It’s not the only factor, as we’ll see in Chapter 6.) In most applica-
tions, the room temperature tensile strength of the bolt under static loads will be one of only
two strength factors we need to be concerned about.

We'll describe this strength in several ways, however, depending on our needs. We’ll use
the term ultimate strength, yield strength, or—unique to threaded fasteners—proof strength.
Each of these is defined and explained in this chapter. Each term defines the amount of
tension we can exert on a bolt before exceeding that definition of its strength. If we apply
more than its ultimate strength, the bolt will break.

3.1.2 THREAD-STRIPPING STRENGTH

The amount of tension we can create in a bolt depends not only on the strength of its body but
also on the shear strength of its threads. If we’re designing a nut or deciding how deep to
make a tapped hole, we’ll want to be sure that the thread engagement length will be great
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40 Introduction to the Design and Behavior of Bolted Joints

enough to allow us to develop the full ultimate strength of the bolt. A broken bolt is easier to
detect than a stripped thread, so we never want the threads to strip.

Thread-stripping strength is the only other strength we’ll have to worry about in most
static load applications. In most situations we’ll consider it simply by using a standard nut
with the bolt we have selected, more carefully, above. Such nuts have been carefully designed
to develop the full strength of the bolts (as long as nuts of the proper material are used with a
given bolt, see Table 2.3). For tapped holes or special nuts, however, we’ll have to compute
thread-stripping strength.

Tensile strength will be considered at length in this chapter, thread-stripping strength in
Chapter 4. Before going on, however, you should be aware of other strength considerations
which will also be treated in later chapters.

3.1.3 SHEAR STRENGTH

The primary load on most bolts is a tensile load along the axis. In some situations, however,
the bolt also sees a load at right angles to the axis, usually called a shear load. This is
especially common in structural applications. We’ll consider ways to estimate such loads,
and their effect on the bolt, in Chapter 12.

3.1.4 BRITTLE FRACTURE STRENGTH

In the discussion so far we’ve been talking about the “normal” strength of a “‘normal” bolt
under fairly static loads, at room temperature. Things change, sometimes drastically, when
one or more of these qualifications are absent. For example, if the bolt is made of a very hard
material it can theoretically support very high tensile loads. If a tiny crack or flaw exists in
that bolt’s surface, however, it might fail suddenly and unexpectedly under loads well below
its theoretical strength. We took a brief look at brittle fracture in Chapter 2.

3.1.5 STRENGTHS AT HIGH AND Low TEMPERATURES

Another deviation from the norm we must often face is an “‘extreme’ temperature. Temper-
atures that are higher or lower than “normal ambient” (which is usually taken to mean 70°F
or 20°C) will alter the tensile and stripping strength of the bolt, because of basic changes in the
tensile and shear strengths of the material from which the bolt is made. We considered this
point in Chapter 2 when we looked at some specific bolt materials and their properties.

3.1.6 FATIGUE STRENGTH

Tensile and stripping strengths are a measure of the resistance of the bolt to static or slowly
changing loads. Cyclic loads lead to entirely different types of failure, as we’ll see in Chapter
15 when we discuss fatigue. A bolt which promises to be “better” (stronger) from a static
tensile strength point of view can actually be “weaker” (more likely to fail) under cyclic loads,
a fact which has “burned” many an unsuspecting designer.

3.1.7 Stress CORROSION CRACKING STRENGTH

Similarly, the resistance of a bolt to stress corrosion cracking (SCC) or hydrogen embrittle-
ment can be inversely proportional to its conventional tensile strength. We’ll look at SCC in
Chapter 16 when we deal with corrosion failure in general.

So strength is a many-faceted topic which we’ll return to again and again in this text. To
get started, let’s look at what we usually mean when we talk about the strength of a bolt, its
room temperature tensile strength.
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Stress and Strength Considerations 41

3.2 BOLT IN TENSION

3.2.1 Erastic Curves FOR BoLts IN TENSION

If we place a relatively ductile fastener (such as an ASTM A325 or an SAE Grade 5) in a
tensile-testing machine and gradually apply a pure tension load between the head of the bolt
and the nut, it will generate a tension versus change-in-length curve such as that shown in
Figure 3.1.

The initial, straight-line portion of the elastic curve for a bolt is called the “elastic region.”
Loading and unloading the bolt repeatedly to some point on this portion of the curve will
never result in a permanent deformation of the bolt (although it may result in ultimate fatigue
failure, as discussed in Chapter 15).

The upper end of the straight line ends at the “proportional limit,” where the line
is no longer straight, followed closely by the “elastic limit” (tension loads beyond this
point will produce some permanent deformation), followed by the “yield strength point.”
Loading the fastener to this last point will create a particular amount of permanent
deformation—usually chosen as 0.2% or 0.5% of the initial length. A definition of this
sort is necessary because the point at which an engineering body can be said to have
yielded is not obvious. As we’ll see in a minute, some portions of the bolt will have yielded
long before the body as a whole has been loaded to its yield strength, and other portions
of the bolt are not even close to yield when the bolt has taken a permanent set of 0.5% or
the like.

Another point of interest is the “ultimate strength” (often called tensile strength) of the
bolt. This is the maximum tension which can be created by a tensile load on the bolt. It is
always greater than the yield strength—sometimes as much as twice the yield—but always
occurs in the plastic region of the curve, well beyond the point at which the bolt will take a
permanent set.

A final point of interest on the elastic curve is the rupture point, where the bolt
breaks under the applied load. This and the other points we’ve discussed are all shown in
Figure 3.1.

60 - '/Ultimate strength
50 |-
40 L JYleId strength Rupture

30

Tension (kip)

o0 L ~ Elastic region

10

0 | | | | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Change in length (in.)

FIGURE 3.1 Points of interest on the elastic curve of a 1-16, A325 bolt with a 5 in. grip
length. The proportional limit and elastic limit are located near each other at the upper end of the
elastic region.
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42 Introduction to the Design and Behavior of Bolted Joints

3.2.2 ErAstic CurvESs UNDER REPEATED LOADING

If we load the bolt well into the plastic region of its curve and then remove the load, it will
behave as suggested in Figure 3.2. Note that it returns to the zero-load point along a line that
is parallel to the original elastic line, but offset from the original line by an amount deter-
mined by the permanent deformation created by the earlier tension load on the bolt [11].

If we now reload the bolt but stay below the maximum tensile load applied earlier, the
bolt will follow this new straight line and will again function elastically. In fact, its behavior
will be elastic well past the tensile load, which caused permanent deformation in the first
place. The difference between the original yield strength and the new yield strength is a
function of the work hardening, which has been done on the bolt by taking it past yield on
the first cycle, as noted in Figure 3.2. Loading it past this new yield point will create
additional permanent deformation; but unless we take it well past the new yield point we
won’t damage or break the bolt by yielding it a little—in fact, we’ll have made it a little
stronger, at least as far as static loads are concerned.

Many bolt materials can be taken past initial, and new, yield points a number of times
before they will break. The stronger, more brittle materials, however, can suffer a loss of
strength by such treatment, as shown, for example, by Fisher and Struik [1]. Loss of strength
in several ASTM A490 bolts, because of repeated cycling past yield (under wind and water
loads), has been publicly cited as a contributing factor in the 1979 collapse of the roof of the
Kemper Auditorium in Kansas City, for example [2].

3.2.3 Stress DiSTRIBUTION UNDER TENSILE LOAD

Let’s place a bolt in a joint and load it in pure tension (this is possible if we use a hydraulic
tensioner instead of a wrench to tighten the bolt). If the bolt is perfectly symmetrical, the faces
of the head and nut are exactly perpendicular to the axis of the threads, joint surfaces are flat

Work
hardening

Tension (kip)

B
6 /A

ALp =0.03"
Vg

0 — T T I T T T T T T T T
0 0.05 0.10

Elongation (in.)

FIGURE 3.2 FElastic curve for a 1-16 x 4 socket-head cap screw loaded (A) to point M, well past the
yield strength, and then unloaded (B) to reveal a permanent deformation Lp = 0.03 in. If reloaded, it
will follow path (C).
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FIGURE 3.3 Lines of principal tension and compression stress in a bolt loaded in pure tension (and lines
of principal compression stress in the joint).

and parallel, etc. (most of which we’ll never encounter in practice); loading the bolt and joint
this way will produce the stress distribution shown in Figure 3.3 [3,4].

Two points are worth noting:

Even though the bolt has been loaded in pure tension, it is well supplied with compressive
stress (for example, in the shank), thanks to Poisson’s reduction and thanks to the fact that
the tension built into the bolt during the tightening process must subsequently be held there
by compressive forces in the nut, bolt head, and joint members.

Complex though the picture is, it’s a far cry from the truth in most applications, where it is
complicated by imperfect geometry as well as by the presence of torsional, bending, and shear
stresses, as we’ll discuss later. Furthermore, our picture ignores localized, but often signifi-
cant, stress concentrations in the threads.

3.2.4 Stress CONCENTRATIONS

Figure 3.3 gives us a simplified view of the directions of stress in a loaded bolt and joint. An
analysis of stress magnitudes would reveal three danger points, where stress concentrations
create stress levels well beyond the average. These points are the fillet, where the head joins
the body; the thread run-out point, where the threads meet the body; and the first thread to
engage the nut. As we’ll see, these are the points at which the fastener will usually fall.

3.2.5 MAGNITUDE OF TENSILE STRESS

In much of what follows, we’ll find it useful to know something about the magnitude of
tensile stress within the fastener. For example, many of our calculations will be based on the
assumption that tensile stress is zero at the free ends of the bolt and that it rises uniformly
through the head to the level found in the body, as suggested by Figure 3.4. There’s a similar
pattern in the threaded end, but the average stress in the threaded section is higher than the
average in the body because the cross-sectional area is less in the threads.

A finite element analysis made by General Dynamics, Fort Worth [4], however, suggests a
far more complex pattern. Scientists at General Dynamics say that the magnitude of tensile

www. Engi neeri ngEbooksPdf . con



44 Introduction to the Design and Behavior of Bolted Joints

Tensile stress

FIGURE 3.4 The magnitude of tensile stress in a bolt—the simplistic view often assumed in bolt
calculations.

stress along the axis of the bolt does approximate that shown in Figure 3.4, but that the
magnitude of tension along other lines parallel to the axis of the bolt looks more like that
shown in Figure 3.5, with the peak stresses (at the fillet and nut-bolt engagement points)
being two to four times the average stress in the body. To complicate things still further, the
above is true only for long thin bolts, by which is meant bolts that have a grip length-to-
diameter ratio greater than 4:1. In short, stubby bolts, the picture shows a general variation in
tension stress from side to side, as well as end to end, as shown in Figure 3.6. There is now no
such thing as “uniform stress level,” even in the body.

If you stop and think for a minute, you’ll realize that 4:1 isn’t very short and stubby.
A Y420 bolt having a grip length of 1 in. would be considered short and stubby by this
definition, which means that the majority of fasteners we’re going to deal with are probably
short and stubby.

—
g - | ﬁ//)[ —
_ — — — —A
|
D
Tension B
A
0 &~
Compression

FIGURE 3.5 More accurate view of the tensile stress along four lines parallel to the axis of the bolt (see
also Figure 3.6).
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FIGURE 3.6 Magnitude of tensile stress along four separate paths in a bolt having a length-to-diameter
ratio less than 4:1.

As a result, in the majority of applications, we’re dealing with fasteners in which there is
no uniformity of tensile stress. And this has all sorts of implications when we come to
compute such things as stress level, preload, spring constants, and elongation, as we’ll see
in subsequent discussions.

Stresses in the threaded portion of the bolt are concerned. They do not, for example, take
into account the stepped difference between average body stress and average thread stress
shown in Figure 3.4. They also ignore stress concentrations at thread roots and thread run-
out points. In fact, they assume a threadless fastener with uniform take-out of load between
nut and bolt. This assumption probably doesn’t affect their estimates of stress within the body
of the fastener as much as it affects their estimates of stress levels at the surface of the fastener,
but it’s something to keep in mind.

3.2.6  StrEess IN THE Nut

A slightly more accurate plot of the peak stresses in nut or bolt threads is shown in Figure 3.7
[3,6]. The fall-off in stress is not linear, as in the previous figures, but curved. Note that adding
more threads (a longer nut) doesn’t reduce the peak stress by much. The first three threads
carry most of the load in any case.

Obviously, this stress picture is not an attractive one. Since most of the load is on the
first thread or so, most of the nut isn’t doing its share of the work. This situation can
be improved in a number of ways—tapering the threads or altering the pitch on either nut
or bolt to force more uniformity in load distribution, for example. Perhaps the most
popular way is to use a nut that is partially in tension, such as one of those shown in
Figure 3.8 [9].

Figure 3.9 shows the stress levels in the nut illustrated in Figure 3.8B.

One study [9] of titanium tension nuts, similar to that shown in Figure 3.8C, with most
threads in tension, resulted in the computed stress distribution shown in Figure 3.10.

Another analysis, confirmed by experiment [10], shows that if the pitch of the bolt threads
is 0.13% longer than the pitch of the nut threads—a difference of only 0.000065 in. per pitch
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FIGURE 3.7 Peak stresses in three different nuts, having five, six, and seven teeth, respectively.

in a /420 thread, for example—then the outermost threads of the nut will be stressed more
heavily than the innermost, as shown in Figure 3.10. This sort of variation must be common
in practice, and it helps explain the difficulties of predicting how a given fastener or joint will
behave.

Stress distribution similar to that shown in Figure 3.10 can also occur when the thread
engagement is very long. Tapped holes often have more threads than conventional nuts,

(A)

FIGURE 3.8 Nuts which are partially loaded in tension, such as those shown here, see a more uniform
tooth stress distribution than do conventional nuts.
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FIGURE 3.9 Relative stress level in nut and bolt threads for a tension nut (curve B) and for a
conventional nut (curve A).
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FIGURE 3.10 Stress distribution in threads with nominal pitch (A) and when there is a +0.13% error in
the pitch of the bolt threads (B).
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which, typically, have five threads. I've encountered tapped holes with 18 or 20 threads. Large
cylindrical nuts, used for example on large pressure vessel flanges, can have a similar number
of threads. Even if both male and female threads are cut or rolled to tight, correct tolerances,
the threads will usually have slightly different pitch distances, and this can place the maxi-
mum thread contact stress at the far end of the thread engagement, or in the middle, or
“somewhere else.”

3.3 STRENGTH OF A BOLT

3.3.1 PROOF STRENGTH

It’s useful at this point to look at the procedure used to determine and define such things as
the proof strength and yield strength of bolts. We’ll need this information when we study the
various means by which we control the tightening of bolts. Recognize, however, that this is
just an introduction to the important subject of strength (or bolt failure) and that there are
many practical factors that can modify the apparent strength predicted by the conventional
procedures.

In this chapter we want to estimate the static strength of the body and threads of the
fastener, starting with the tensile strength of the threaded portion of the body (the weakest
section). Because the stress picture is complicated, computing strength would be difficult, so
the engineering societies have devised a way to determine strength experimentally and to base
design and manufacturing specifications on the resulting data. A large number of fasteners,
made with well-defined materials and standard thread configurations, were subjected to
tensile loads to determine

* Highest tensile force they could withstand without taking any permanent deformation
(called the proof load or proof strength). See Table 3.1 for a few examples.

* Tensile force that produces 0.2% or 0.5% permanent deformation (used to define yield
strength).

* Highest tensile force they could support prior to rupture (used to define ultimate
tensile strength).

The resulting data were then published. You don’t have to worry about stress magnitudes
or variations; the tables tell you how many pounds of force a fastener of a given shape and
material can safely stand. Fastener manufacturers are required to repeat these tests period-
ically to make sure that their products meet the original standards.

TABLE 3.1
Proof Loads of a Few Typical Bolts in Kips

Bolt Size
Bolt 1420 1-8 2-8 4-8
ASTM A307-GR A 2.70 20 91.2 364
SAE J429 GR 8 3.82 72.7 NA NA
ASTM A193 B7 NA 57.3 262 946
Hl11 NA 117 537 2146

Note: Load in kips x 4.448 x 10° = load in Newtons.
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There was also a need to compute design limits for nonstandard fasteners. Here the path
becomes a little more murky but will still give you a useful answer unless your need for
accuracy and safety is critical.

The people who tested the fasteners found, again by experiment, that if they divided
the experimentally determined load at yield, in pounds, by a cross-sectional area based on the
mean of the pitch and minor diameter of the threads, the result was a theoretical tensile stress
at yield, which agreed closely with the stress at which a cylindrical test coupon of the same
material would yield, and with similar results for ultimate strength, proof load, etc. The
following data can now be published:

* Stress area (4,) of a standard thread, based on the mean of pitch and root diameters
* Proof strength of a given thread, in pounds per square inch (psi), computed by
dividing the experimentally determined proof strength, in pounds, by the stress area
* Ultimate strength or yield strength, of a given thread, in pounds per square inch, by
dividing the experimentally determined ultimate or yield load in pounds by the same

stress area

3.3.2 TEeNSILE STRESS AREA

Since the mean of pitch and root diameters works for all thread sizes, it’s also possible to write
an expression for the stress area (A,) of a standard 60° thread, as follows [7]:

Ag = m/4[D — (0.9745/n)]?
= 0.785[D — (0.9743/m))? (3.1A)

where D is the nominal diameter and n is the number of threads per inch. Appendix E lists
the stress areas of all standard, unified, and metric threads. As an example, let’s compute the
stress area of a /420 UNC, Class 2A thread.

D =0.25in.
n =20
A = 0.785[0.25 — (0.9743/20)]* = 0.0318 in.?

This expression for area is used to compute the tensile or shear strength of a fastener.
For example, to compute the ultimate load, in pounds, that your own fasteners should
tolerate, it’s only necessary to look up (or compute) the stress area of the threads and then
multiply this by the published values for the ultimate strength (UTS) in pounds per square
inch of that particular material. And you get the correct answer, for most purposes. For
example:

Fren = UTS x A, (3.1B)

A technique similar to that used for bolts is used for specifying the static strength of nuts.
The stress area used to compute average nut stress levels is, in fact, the cross-sectional area
of the “male” threads, A, just discussed (showing again how “‘artificial”’ these calculations
are). The “strength” of a nut, of course, is simply the stripping strength of its threads. We get
to that in Chapter 4.
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3.3.3 OTHER STRESS AREA EQUATIONS

Although Equation 3.1, or its metric equivalent in Equation 3.4, is the expression most
often used for the stress area of a thread, there are times when a more conservative (smaller)
area is used for an added factor of safety. For example, before leaving this topic, we should
mention that a slightly modified equation for stress area is recommended for fastener
materials having an ultimate strength (as determined by coupon tests) in excess of 100,000
psi. This time the stress area is based on the mean of the minimum pitch diameter (Eqp;,)
permitted by thread tolerances and the nominal root diameter. This gives a slightly smaller
stress area (partially canceling the load benefits you’d derive from an assumption of higher
ultimate strength). Anyway, the equation is [25]

As = T[(Eqmin/2) — (0.16238/n)]? (3.2)

To see how this expression for A differs from that given in Equation 3.1, let’s use it to
repeat our calculation of the stress area of another 4-20 UNC Class 2A thread; this one
presumably of a stronger material.

Eqnin = 0.2127 in.

n =20
A, = 3.14159 [(0.2127/2) — (0.16238/20)]
A, = 0.0301 in.?

So this 4 is 5% smaller than that we computed earlier.

There’s at least one other tensile stress area in common use. The U.S. military uses
a stress area based on maximum pitch diameter for UN and UNIJ threads when dealing
with fastener material strengths between 160 and 260 ksi—and when the threads are rolled
after heat treatment. The resulting stress areas are tabulated in military specification
NAS 1348. The areas are larger than the A, values computed by Equation 3.1: about 17%
larger for the smallest screws tabulated (0.600-80 threads) to about 4% larger for the largest
(1.500-12). Again, these stress areas must reflect test results which show, in this case, that
rolling threads after heat treat leads to a much stronger bolt than does rolling before heat
treat or cutting.

There is another still more conservative stress area that is used, however. It is based on the
root diameter of the threads rather than on the mean of pitch and root diameter, as for
the true stress area. It differs from the areas we’ve talked about so far in that this one is not
based on experimental data. It is designed to introduce a factor of safety in thread strength
calculations. The designer purposely assumes a stress area smaller than the “real”” (Equation
3.1) tensile stress area to be sure the bolts aren’t overstressed in service.

The use of root diameter area rather than tensile stress area is mandated by the ASME
Boiler and Pressure Vessel Code, for example. The expression for this area is

Ay = 0.7854(D — 1.3/n)* (3.3)

where D and n have the same meaning as in Equation 3.1.

You’ll find tensile stress and thread root areas for UN and UNC threads in Table 3.2 and
a complete list of tensile stress areas for all inch series and metric threads in Appendix E.
Figure 3.12 can help you visualize the differences between the various stress areas we’ve been
discussing.
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TABLE 3.2
Thread and Bolt Stress Areas

Tensile Areas Stripping Areas

Class 2A Class 3A

Thread As (Stress) A, (Root) Thread Thread
Y420 0.0318 0.0269 0.092 0.096
Y16—18 0.0524 0.0454 0.147 0.157
¥%—16 0.0775 0.0678 0.216 0.232
Te—14 0.1063 0.0933 0.296 0.321
Y213 0.142 0.126 0.390 0.427
%6—12 0.182 0.162 0.502 0.548
8—11 0.226 0.202 0.624 0.681
%—10 0.334 0.302 0.908 1.01
759 0.462 0.419 1.25 1.38
1-8 0.606 0.551 1.66 1.82
154-8 0.790 0.728 2.13 2.329
1Y4—8 0.969 0.890 2.65 2913
1%-8 1.23 1.16 3.22 3.55
128 1.49 1.41 3.86 4.26
148 1.78 1.68 4.55 5.04
1%-8 2.08 1.98 5.30 5.03
174-8 2.41 2.30 6.09 6.81
2-8 2.50 2.30 6.96 7.72
2Ya-8 3.56 3.42 8.84 9.83
2528 4.44 4.29 10.95 12.18
2%-8 5.43 5.26 13.28 14.80
3-8 6.51 6.32 15.84 17.67
3-8 7.69 7.49 18.62 20.8
348 8.96 8.75 21.63 24.15
3%—8 10.34 10.11 24.79 27.79
4-8 12.18 11.57 28.28 31.64

Source: Unified Inch Screw Threads, ANSI Standard B 1.1-1974, ASME,
New York, 1974; Blake, A., in What Every Engineer Should Know about
Threaded Fasteners, Marcel Dekker, New York, 36-37, 1986.

Note: All areas are in square inches.

All of the stress area equations given so far are for American Standard Unified thread
forms with an included angle of 60° as shown in Figure 3.11. Different equations must be used
for 55° Whitworth, Acme, Buttress, or other thread forms.

3.3.4 STrRess AREAS—METRIC THREADS

The expressions for the stress areas of metric threads differ from those used for inch series
threads because in metric threads, the pitch of the threads, rather than the number of threads
per inch, is used to define the thread. The following metric equation corresponds to Equation
3.1, defining, as it does, the common tensile stress area [24]:
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Nominal diameter (D)

Pitch
diameter

Root
diameter

FIGURE 3.11 Relationship between root diameter, pitch diameter, and outside or nominal diameter in a
standard 60° thread. The centerline of the thread is out of the picture, toward the bottom.

Ay = 0.7854(D — 0.938p)* (3.4)

where
A, = tensile stress area (mm)
p = pitch of the threads (mm)
D = nominal diameter of the fastener (mm)

The more conservative expression for higher-strength steels (over 686 MPa—99.5 ksi—
this time) is [17]

Ay = 0.7854( Egnin — 0.268867/p)? (3.5)
And the expression for thread root area is [24]
Ay = 0.7854(D — 1.22687p)* (3.6)

As before, Egyin = minimum pitch diameter (mm); D and p have the same meanings as in
Equation 3.4.

Relative pressure

13 34
1, 5l
14 11
| |
ODy ODy ODy ODy

FIGURE 3.12 Relative contact pressure between head of bolt, or nut, and the joint surface. ODy is the
outer diameter of the hole. ODy is the outer diameter of the contact surface of the nut (or bolt head).
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3.3.5 STRENGTH OF THE BoLT UNDER STATIC LOADS

The bolt or nut will fail under static loads if those loads exceed the strength of the fastener.
To understand and avoid static failure, therefore, we must learn how to calculate the static
strength of the parts. We’ll concentrate on tensile loads; we will compute shear strength of the
joint in Chapter 12. In estimating the static strength of a fastener under tensile loads, we must
consider four possibilities:

* Body of the bolt will break (usually at one of the three stress concentration points).
* Bolt threads will strip (fail in shear).

* Nut threads will strip.

* Both threads will strip simultaneously.

To determine the static strength, we must explore each of these four possible failure
modes. The weakest link, of course, will decide the strength of the chain. We’ll consider
bolt strength now, and thread strength in the next chapter.

The static strength of the body is usually computed for that section which is threaded, i.e.,
has a reduced cross-sectional area. The tensile force required to yield or break the bolt (you’ll
have to decide which of these definitions of failure you prefer) is, simply,

F =04 3.7

where
F = force which will fail the bolt (Ib, N)
o = ultimate tensile or yield strength of the bolt material (psi, MPa)
Ay = effective stress area of the threads (in.?, mm?) (see Equation 3. 1 or 3.4)

This equation may be used to compute any kind of tensile strength—ultimate, proof,
yield, etc. As an example, let’s compute the room temperature yield strength of an Inconel 600
bolt with a 420 UNC Class 2A thread. The yield strength of this (and other) bolt material is
given in Chapter 2.

o = 37 ksi
Ay = 0.0318 in.” (see the example with Equation 3.1)
F =37 x0.0318 = 1177 lbs

What would the strength of this same bolt be at 1200°F (649°C)? With reference to the
Table 2.1 in Chapter 2,

17 ksi
0.0318 in.2
17 x 0.0318 = 541 Ibs

g
As
r

Remember that part of the strength of the bolt might be absorbed by torsion stress if we
use a wrench to tighten it. This could reduce the apparent tensile yield or ultimate strength (o)
by 10%-20%, but only during tightening. This is why many people say, “If it doesn’t
break when you tighten it, it won’t ever break.” If loads are static only and are less than
the preload developed during tightening, and corrosion or high temperature doesn’t enter the
picture, the statement is probably true. The strength of a bolt, of course, determines how
much clamping force it can exert on a joint. Table 3.1 gives a few examples of the forces bolts
can sustain, to give you a general feeling for the capabilities of individual bolts. The forces
tabulated are proof loads or equivalents—about 90% of yield. The forces are given in
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thousands of pounds (kips). To convert to metric Newtons, multiply the tabulated figures by
4.448 x 10°.

The examples in Table 3.1 show the impressive strength of bolts. They suggest that a
single /420 A307 bolt, properly mounted and supported, could support the weight of a car.
Or that one 4-8 H-11 bolt could alone support the weight of nearly 1000 cars! (The strength of
these and other materials is discussed at length in Chapter 2.)

3.4 STRENGTH OF THE JOINT

Before looking at combinations of loads on the bolt, let’s take a quick look at the joint.

3.4.1 CoNTACT STRESS BETWEEN FASTENER AND JOINT

The contact pressure between the head of the bolt and the joint is not uniform. Neither is the
contact pressure between the nut and the joint. For either case, the contact pressure might
look something like that shown in Figure 3.13, as suggested by an experimentally confirmed,
finite-element analysis made in Japan [10].

The contact pressure pattern shown in Figure 3.13, although nonuniform, assumes that
the contact surfaces of the bolt head and nut will be perfectly parallel to the surfaces of the
joint, at least when loading begins. Since this will rarely be the case—these surfaces are usually
not exactly perpendicular to the thread or hole axes, for example—the actual pressure
distribution will probably be even more irregular than suggested in the drawing.

The contact pressure between nut or bolt head and the joint can have an important influence
on the way in which a loaded fastener retains the potential energy stored in it during assembly
(see Chapter 1). Excessive pressure will allow the head or nut to embed itself gradually in the
joint surfaces, allowing the fastener to relax, to shed some of its stored energy. These contact

SO0,

20 (15110 \5

ooy

j

FIGURE 3.13 Lines of equal compressive stress in joint members when the bolt is loaded to 100 kips.
Values given are in ksi.
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TABLE 3.3
Contact Stress between Bolt Head and Joint When Bolts
Are Tightened to 75% of Proof Load

Contact Stress

Fastener Grade Size Head Ksi N/mm
10-9 M10 Flanged 36.3 250
Ml6 39.9 275
10-9 MI10 Plain hex 52.2 360
Ml16 94.3 650
10-9 M10 Hex with washer 27.6 190
Ml6 334 230
12-9 MI10 Plain hex 63.8 440
M22 131 900
12-9 M10 Hex with washer 29 200
M22 50.8 350

stresses can be impressive, as suggested by the data in Table 3.3, which shows the stresses
generated when the tabulated fasteners are tightened to 75% of their tensile proofload [20]. (For
those primarily interested in inch series fasteners, M10, M 16, and M22 metric fasteners are
approximately ¥, %, and 74 in. in diameter, respectively.) As can be seen from the data, a
flanged head or washer can significantly decrease these contact stresses. The thickness of the
washer can also make a difference. Studies made at the Newport News Naval Shipyard confirm
the contact stress pattern shown in Figure 3.14 and show how nonuniform head or nut-to-joint
stress distribution creates high stress gradients in the joint members.

Relative pressure

Distance from hole (hole radius = 1.0)

FIGURE 3.14 Relative interface pressure between joint members as a function of the distance from the
edge of the hole. R is the ratio between the contact diameter of the head of the bolt (or nut) and
the diameter of the hole.
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We’ll look at joint stresses in a minute. The studies further suggest that standard thickness
of ANSI washer lacks sufficient stiffness to distribute the bolt loads with acceptable unifor-
mity. Thicker washers are more effective; they reduce stresses in washer and joint members
and, as a result, reduce joint deformation. The numerical results of these studies have not yet
been published [21].

What’s an acceptable stress? This is considered to be a stress slightly higher than the
compressive yield strength of the joint material [20,21].

3.4.2 STRESSES WITHIN AND BETWEEN THE JOINT MEMBERS

As a result of all this, the joint is loaded in a nonuniform manner by the bolt, and these
nonuniform stresses are passed down into the joint members. Figure 3.13 shows the resulting,
barrel-shaped, lines of equal compressive stress within the joint [5]. Notice that the relative
magnitude of stress varies by 8 to 1 between the most highly stressed region and the outer rim
of the barrel-shaped stress pattern.

The fact that the joint members are stressed nonuniformly means that the clamping pres-
sure exerted by the bolt through the joint members on the interface between upper and
lower joint members is also nonuniform, a fact that can cause problems in gasketed joints.
A number of finite-element analyses and experimental studies have been made of the
contact interface pressure. The results of one such study [8] are shown in Figure 3.14.
Note that the contact pressures can be zero only two or three bolt diameters away from
the bolt hole. The solution for this problem of course, is to place bolts close together in a
multibolt joint so that no portion of the interface is entirely free of contact pressure. It is
never possible, however, to produce exactly uniform pressure at the joint interface. Too
many bolt holes, furthermore, will weaken the flange members and create interference
and wrenching problems. As a rule of thumb, therefore, bolt holes are usually placed
approximately 12 diameters apart.

3.4.3 StATIC FAILURE OF THE JOINT

Static failure of joint members is even less common than static failure of the fasteners, except
perhaps in structural joints loaded in shear. Failures there are frequent enough to warrant a
brief look at this point. We’ll examine shear joints in greater detail in Chapter 12.

If the designer knows which cross sections might fail, he can usually avoid failure. The failures
shown here are all of what used to be called bearing-type joints. Friction joints fail statically,
too, but they do so by slipping into bearing and then failing by one of the ways shown below.

Joints in bearing can fail in a number of ways as suggested by Figure 3.15. The actual failure
mode will depend on the relative strength of the bolts versus the strength of the cross section of
the joint members at various load points. It will also be affected by the distance between the
bolts and the edge of the plates, by the distance between bolts within the group, etc.

Typical failure modes include [14]:

1. Tear-out or marginal failure, where the bolts are located too close to the edge of the
plate (Figure 3.15A)

2. Failure of the “net section” of the plate because the bolts are spaced too closely, or
because the plate is too thin or too soft (Figure 3.15B)

3. A zigzag failure when there is too short a distance between bolt holes
(Figure 3.15C)
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FIGURE 3.15 Some static failure modes of axial shear joints. (A) Tear-out or marginal failure; (B)
failure through the “net section”; and (C) zigzag failure.

3.5 OTHER TYPES OF LOAD ON A BOLT

We have looked, at length, at the stress distribution and strength of a fastener under pure
tensile load, because this is by far the most important type of loading. A bolt is always put
into severe tension when it is properly tightened. Subsequent external loads won’t modify this
basic tension load very much if the joint is designed properly, as we’ll see in Chapter 12, but
the tension we create in the bolts and the resulting clamping force on the joint members
usually determines the performance and life of that joint. There are times, however, when the
bolts are exposed to other types of load, in addition to tensile loads. These additional burdens
can reduce their capacity to support tensile stress and may therefore make it more difficult for
the bolts to do their job as clamps.

Shear loads are the most readily understood and predictable of these other types of load.
Shear loads of the sort shown in Figure 3.16, for example, are often encountered in structural
steel joints. Note that there can be one or several shear planes through the bolt, depending on
the nature of the joint and the number of joint members being clamped together. Note, too,
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Bolt loaded in pure tension

o /

501 . :

40T /A " Bolt loaded by tightening

the nut
30 T

Bolt load (kip)

20 T

10 T,

Elongation (in. x 1073)

FIGURE 3.16 A fastener tightened with a torque tool, and therefore exposed to simultaneous torsion
and tension, will yield at a slightly lower level of tensile stress (A) than a fastener subjected to pure
tension. This same fastener, however, will support a higher tensile stress in service before yielding any
further (B), because the torsion stress component will, in general, disappear rather rapidly after initial
tightening in most situations. Data are for a g A325 bolt with a 4V in. grip length [I].

that these shear planes could pass either through the body of the bolt or through the threads,
or through both (Figure 3.16).

To compute the shear strength of a bolt we multiply the shear strength by the strength of
the material (S,) by the total cross-sectional area of the shear planes, taking all of them into
account. For shear planes through threads, we use the equivalent thread stress area (A;) given
earlier in our analysis of tensile loads. For example, if there are two shear planes through the
body of the bolt and one through the threads, then,

F =S, x (24p + Ay) (3.8)

where Ay is the cross-sectional area of the body (in.? or mm?). We’ll consider shear loads at
greater length in Chapter 12.

When we tighten and stretch a bolt we inevitably twist it a little. This creates torsional
stress in the bolt, which combines with the tensile stress and may take the bolt material past its
yield point or even, in extreme cases, past its ultimate strength. Unless the bolt has broken,
however, the torsional stress tends to decay and disappear a few minutes after tightening as
the heavily loaded bolt relaxes, thanks to embedment of contact surfaces, elastic interaction
between bolts, gasket creep or other factors discussed at length in Chapter 6.

The top and bottom surfaces of a joint are often not parallel to each other or are
misaligned. In this situation a bolt will be bent slightly as it is tightened, increasing the tensile
stress along its convex side. If we wished to analyze the effects of this distortion we’d have to
have detailed information about the geometry of the joint surfaces so that we could define the
effective “radius of curvature” of the bent bolt and resulting bending moment. As far as [
know this is only done when dealing with the raised face flanges used in gasketed joints.
Bending will, therefore, be discussed only in Volume 2 of this text.

The mathematics of torsion and bending are described in the third edition of this text if
anyone is interested; but this information is of little or no practical use and will, therefore, not
be allowed to interrupt us here. In that edition I also went to considerable length to define an
equation summarizing the combined effects of all loads and forces on a tightened bolt. The
result was a long work—energy equation, which has appealed to a few academically minded
readers, but which is of no practical value. One reader, A.R. Srinivas of the Space Application
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Center in India, outdid the rest of us by showing how the work—energy equation reduced to
the definitely practical, long-form, torque turn equation, which we’ll consider at length in
Chapter 7. He eliminated all of the terms in the equation which describe forces and factors
which have an insignificant effect on the behavior of the bolt and joint.

3.5.1 STRENGTH UNDER COMBINED LOADS

We are interested primarily in the tensile strength of bolts, less often in the shear strength. The
tensile strength determines the amount of preload we can safely put into a bolt on tightening it
and the amount of tensile working load it can see thereafter. It’s important to recognize,
therefore, that the tensile strength of a given fastener is reduced if the fastener also sees torsion
or shear loads. In an extreme case, for example, let’s assume that nut and bolt threads have
galled near the end of the tightening operation. This will result in an abnormally high level of
torsion in the bolt. If we now apply tension, we’ll find that the bolt will break at a tension level
well below normal—perhaps even below proof load. The torsion stress has robbed part of the
total strength of the bolt. Only if the bolt is loaded, statically, in pure tension can we count on it
to support a proof load without deformation, or to yield at a particular level of tension.

Note that torsion stress will rob part of the total strength of the bolt only while the torsion
stress is present. As we torque a bolt, for example, it is subjected to some torsion. Such a bolt
will yield at a certain level of tensile stress. After we remove the torque wrench from the nut,
however, the torsion stress will tend to disappear (thanks to embedment relaxation, as we will
learn in Chapter 6). If we now apply an external tensile load to the fastener, we will discover
that it will support a higher level of tension than that which caused it to yield in the first place,
as suggested in Figure 3.16. A number of different fastening tools and strategies take
advantage of this fact, as we will see later [1].

EXERCISES AND PROBLEMS

Which is greater, the tensile strength of a bolt or its stripping strength? Why?

Where in the bolt would we find the maximum tensile stress? Where in a conventional nut?

Define proof strength.

Compute the conventional tensile stress area of ¥%-16 and !2-13 threads. Compute the

ratio in stress area between the two.

5. Using the stress areas computed in problem #4 compute the static, room temperature
proof strengths of ¥-16 and 2-13 bolts made from SAE J429 Grade 5 and Grade 8
materials. See Table 3.1 for proof strength data.

6. Compute the ratio in proof strength between the two threads.

7. Compute the shear strengths of those two threads if the fasteners are made from Grade 8
material.

8. Compute the ratio between shear strength and proof strength for each of these two
threads.

9. A threaded fastener will often be subjected to loads other than tensile loads. List those

other kinds of load. Which, if any, of them will we sometimes take into account when

analyzing a bolted joint?

B =
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4 Threads and Their Strength

The threads are obviously an important element of the threaded fastener. They give this
sturdy industrial product its unique ability to be installed, removed, and reinstalled as many
times as we wish. They also affect fastener performance in a major way. As we’ll see, thread
type, thread class, thread configuration, the way in which the threads are produced, and the
fit between male and female threads can affect not only thread strength—and, therefore,
fastener tensile strength—but also the resistance of the fastener to such things as self-
loosening and fatigue. The amount of preload achieved for a given torque can be influenced
by thread configuration and by whether the threads have been cut or rolled. Finally, and not
least, the strength of the threads helps to define the strength of the fastener. All things
considered, it’s worthwhile to take a close look at threads.

4.1 THREAD FORMS
4.1.1 THReAD FOrRMS IN GENERAL

Literally hundreds of thread forms have been designed, and many are still in common use in a
wide variety of applications. Fortunately, we only have to worry about the few that are
currently used in threaded fasteners. To clear the decks, however, let’s start by taking a quick
look at three other forms which are often mentioned and which many beginners to bolting
assume that they should know about. These forms are illustrated in Figure 4.1, along with a
currently popular 60° form for comparison. Anyway, the three we don’t have to worry about
are [1,25]:

The Acme thread: this is used for power transmission, for example, to produce traversing
motion on machine tools.

The Buttress thread: used when the thrust on the screw is in one direction only, for
example, airplane propellor hubs and columns for large presses [26].

The Whitworth thread: this form, which had a 55° included angle instead of the now
universal 60°, was for decades a British standard form but has now been replaced by an ISO
inch series. It was the first screw thread form to have rounded roots, I believe.

All of the modern fastener thread forms we need to know about—the metric as well as
inch series forms—are based on an arrangement of 60° angles. As we’ll see this basic geometry
is modified in several different ways, but it’s the starting point for all contemporary fastener
thread profiles.

4.1.2 INCH Series THReAD FOrMS
In the United States our principal inch series thread form standards are ASME B1.1 1989 [2]

and Federal Standard FED-STD-H 28/2B [3]. Both of these describe the basic unified thread
form, identified by the code letters UN/UNR.
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UNJ Acme
° 45°
z e
Whitworth Buttress

FIGURE 4.1 Three well-known thread forms that are not currently used with threaded fasteners and, for
comparison, one which is (the UNJ form). The Acme is a well-known machine tool thread used for
traversing screws. The Whitworth is a now-obsolete fastener thread form once used in the U.K. It has
now been replaced by a 60 in. series ISO form.

A slightly modified version of the UN/UNR thread is defined in Military Specification
MIL-S-8879 C and is called the UNJ form [4]. An ANSI/ASME standard for J threads,
B1.15, is in preparation.

The differences between these three forms, UN, UNR, and UNJ, are shown in Figure 4.2.
As you can see, the differences are very slight and consist entirely of the way the sharp roots of
the teeth are filled in. These differences occur only in the external or male thread form. The
same internal thread form is used with each. In any event, the differences are:

UN form has flat-bottomed or, optionally, slightly rounded roots.
UNR form has slightly rounded roots.
UNUJ form has generously rounded roots.

60°
A,
— —
UN UNJ or MJ
a%z 2%6002
—~ - -
Optional UN UNR or M

FIGURE 4.2 These are the thread forms most commonly used in the Western world at the present
time. Each is a 60° included angle form. They differ from each other primarily in the way the roots of the
external (male) threads are shaped. The UN form has flat, or, optionally, slightly rounded roots. The
UNJ and metric MJ forms have generously rounded roots. The UNR and metric M forms have slightly
rounded roots.
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4.1.3 MEeTrIC THREAD FORMS

The currently popular metric threads are identified by the code letters M and MJ. The basic
geometry of metric and inch series is identical but the way we define the metric threads differs
from the way we define the inch series ones, as we’ll see.

U.S. standards for metric threads include ANSI/ASME B1.18M-1982 [22] for standard
commercial fasteners and ANSI/ASME B1.13M-1983 (Reaffirmed 1989) for fasteners having
nonstandard pitch—-diameter combinations or special lengths of engagement [5]. Both define
M profile threads. Another standard, ANSI B1.21M-1978, defines MJ threads [6]. The M
profile does not include an absolutely flat root option (equivalent to the UN form) but only a
“radiused”” option—flat with rounded fillets blending into the thread flanks—and a “rounded
root” option similar to the UNR profile.

4.2 THREAD SERIES

Design profiles can be applied to threads of any size, and this leads to what are called “thread
series.” In the unified thread system, for example, we have [2]:

1. Threads called just UN/UNR or UNJ: the constant-pitch series. Each thread in such a
series has the same number of teeth per inch. For example, there’s an ““8 pitch” series,
which means that each thread in the group has eight threads per inch. The angle the
helix of the thread makes around the fastener varies with the diameter of the fastener,
but the depth of the teeth is constant, regardless of diameter, because of the rigid 60°
geometry on which the form is based.

Altogether there are eight constant-pitch thread series, including those with 4, 6, 8,
12, 16, 20, 28, and 32 threads per inch, and they’re available in both the basic
UN/UNR and the UNJ forms.

2. In addition to the constant-pitch series, there are several groups classified by coarse-

ness. This refers not to their quality but to the relative number of threads per inch

produced on a common diameter of fastener. For example, the codes UNC, UNCR,
and UNC]J identify coarse-pitch threads.

UNF, UNFR, and UNF]J all designate fine-pitch threads.

UNEF, UNEFR, and UNEF] are used for extra fine threads.

5. Provision has also been made for a special series called UNS, UNRS, or UNJS having
pitch—diameter combinations not found in any of the standard series above. Most of
us will never have to worry about these.

W

As I mentioned, coarseness designations refer to the relative number of threads per inch.
For a fastener of a given diameter, a UNC thread has fewer threads per inch than a UNF,
which in turn has fewer than a UNEF. For example, here is the nomenclature we’d use to
define the five standard threads currently specified for a fastener having a nominal (body)
diameter of 5 in.

The UNC (coarse) thread for that diameter has 13 threads per inch and is encoded as a
UNC "2 x 13 thread. Our other options here would be UNRC "2 x 13 or UNJC "2 x 13.

Next in line we have a UN (constant-pitch) thread, which has 16 threads per inch and is
called UN 2 x 16 or UNR "2 x 16.

Next there’s a UNF (fine) thread with 20 threads per inch, called UN %2 x 20. Then a
UNEF (extra fine) thread with 28 threads per inch, or UNEF 2 x 28. Finally, there’s another
constant-pitch thread for 5 in. fasteners, UN "2 x 32. Like all of the others in the group, it can
have UNR or UNJ form too.
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These numbers all change as the diameter of the fastener changes. For example, the
following group of threads has been codified for 2 in. diameter fasteners:

UNC 2 x 41/ UN2x 12
UN 2 x 6 UN 2x16
UN 2 x 8 UN 2x20

All the threads in this group are constant-pitch threads except for the first, coarsest
thread. This is true of most large-diameter fasteners. In fact, above a 4 in. diameter there
are nothing but constant-pitch threads. And once again, each of these threads can have a
UNR or UNJ form instead of UN if you wish.

Metric threads generally duplicate the inch series threads, but with threads considered to
be only coarse or fine. Instead of using threads per inch to classify them, however, we’ll use
the pitch distance between two teeth, in millimeters. For example, M6 x 1 would specify a
thread having a nominal diameter of 6 mm and a pitch distance of 1 mm.

4.3 THREAD ALLOWANCE, TOLERANCE, AND CLASS

We still haven’t finished classifying threads. The next important consideration is the way the
male and female threads fit together. Is the fit loose and sloppy, or is it tight? Rough
applications require the first, precision ones the second.

The fit between mating threads is determined by the basic clearance between them, a
clearance determined by the way the threads are dimensioned and by the tolerances placed on
those dimensions. Although the philosophy is the same for both metric and inch series
threads, the nomenclature used is different [2,3,7]; so we’ll consider the two types separately.

4.3.1 INcH SErIiEs THREADS

4.3.1.1 Allowance

The basic clearance is established by a “thread allowance,” which determines the minimum
clearance between threads of a given class. Another way of saying this is that it determines the
minimum distance between male and female threads when both nut and bolt are in their
maximum material conditions: the fattest bolt and the thickest nut. The lower sketch in
Figure 4.3 shows male and female Class 1A or 2A external threads separated only by the basis
allowance.

4.3.1.2 Tolerance

Manufacturing tolerances are now placed on the allowance. These are always in the direction
of less material; they always make the clearance between nut and bolt threads greater than the
clearance determined by the allowance, never less. The upper sketch in Figure 4.3 shows
the clearance between a pair of external 1A or 2A threads when the full tolerance is added
to the allowance.

In the unified thread system, the female threads are always dimensioned to a basic profile.
It’s only the male thread which is reduced a little (made smaller in diameter) by the allowance.
Tolerances, again always in the direction of less material, have to be placed on both male and
female threads, of course.

4.3.1.3 Class

Three basic fits or “classes” are defined for unified threads. These are given the codes 1A, 2A,
and 3A for male threads and IB, 2B, and 3B for female threads. The pair 1A and IB define the
loosest fit, 3A and 3B define the tightest.
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FIGURE 4.3 The lower sketch shows the clearance between male and female Class 2A UN threads when
only the basic allowance separates them. The upper sketch shows how much this clearance increases
when the full manufacturing tolerance is added to the allowance. In effect, the lower sketch shows the
maximum material condition for bolt and nut, the upper sketch the minimum material condition for
both. The bolt thread is reduced in diameter by the allowance and tolerance, and the roots of the teeth
are rounded. The diameter of the nut teeth has been increased slightly by the manufacturing tolerance,
and the roots of the teeth are rounded.

Class 1A, IB threads are used for rough work, for example, where some thread damage
can be expected or conditions are very dirty. These are also the easiest threads to assemble.
Class 2A, 2B threads are for normal applications. The bolts and nuts you buy in the hardware
store are all of this class. Class 3A and 3B fasteners are used for applications requiring an
extra degree of precision. Class 1A and 2A threads are assigned the same allowance in the
unified system: but more generous tolerances are placed on the I’s than on the 2’s: so the
average fit is looser.

Class 3 threads are assigned a zero allowance; so the fit can be line-to-line. A small
tolerance on each thread makes assembly possible.

4.3.2 MEeTRIC THREADS

The clearance between male and female metric threads is also determined by a basic allow-
ance and by tolerances in the direction of less material. The number of tolerance and allowance
options is greater with metric threads than with inch series threads, and different names are used
to describe these things [5-7].
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4.3.2.1 Tolerance Position (the Allowance)

The basic clearance between male and female threads, called the allowance in inch series
threads, is called the tolerance position for metric threads and is identified by letter symbols G
or H for internal threads and e, f, g, or h for external threads.

G and e define the loosest fits and the greatest clearance (greatest allowance). H and h
define zero allowance, no deviation from the basic profile. Note that although internal metric
threads can be assigned zero allowance (H) as with internal UN threads, they can optionally
be assigned a tangible allowance (G)—made a little less fat—to accommodate plating or other
coatings or perhaps just to provide a looser fit.

4.3.2.2 Tolerance Grade (the Tolerance)

What we call the tolerance of inch series threads is called the tolerance grade for metric
threads and is identified by a number symbol. Seven tolerance grades have been established
for external threads and are identified by the numbers 3 through 9 inclusive. Nine defines the
loosest fit (the most generous tolerance) and 3 defines the tightest. To complicate our lives
further, different groups of options have been established for external and internal threads,
and tolerances have been placed on several thread dimensions. The possibilities listed in
ANSI/ASME 1.13-1983 are shown in Table 4.1.

4.3.2.3 Tolerance Class (the Class)

The tolerance grade and tolerance position symbols are now combined into a ‘“‘tolerance
class” code of alphanumeric symbols. Here are some examples:

6g is a general-purpose callout for external threads. It defines the tolerance position and
tolerance grade for the major diameter. Used in conjunction with a 6H nut, the fastener
would be a reasonable substitute for applications previously using a Class 2A/2B pair.

4g6g is also a general-purpose callout for external threads, this time when a tighter fit is
required. It defines the tolerance grade and position for both the pitch diameter (4g) and the
major diameter (6g). Note that in inch series practice these two diameters cannot be toler-
anced separately as they can here. Class 4g6g, however, is considered to define an external
thread which is an approximate equivalent to an inch series Class 3A thread. A nut of
tolerance class 6H could be used here. 4H5H defines the tolerance grade and position for a
common internal thread which could also be used with the male threads defined above. The
4H classifies the pitch diameter and the SH the minor diameter. The symbol 5H can also be
used alone for applications where a looser fit is acceptable.

4.3.3 INcH Series AND METRIC THREAD CLASSES, COMPARED

It’s useful to be able to equate inch series and metric allowances and tolerances. A couple of
examples were given above. Table 4.2 defines some more options [1]. It doesn’t define all of

TABLE 4.1

Tolerance Grades Assigned to Metric Threads

Dimension Controlled Specified Tolerance Grades
Minor diameter, internal threads 4,5,6,7,8

Pitch diameter, internal threads 4,5,6,7,8

Major diameter, external threads 4,6,8

Pitch diameter, external threads 3,4,5,6,7,8,9
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TABLE 4.2
Approximately Equivalent Classifications:
Inch Series and Metric Threads

Inch Series Metric
Bolts Nuts Bolts Nuts
1A 1B 8g 7H
2A 2B 6g 6H
3A 3B 4h 5H

the possibilities but only some of the more common ‘“approximate equivalents.” Pitch
diameter tolerances are not included here for the metric threads, for example. This is not
uncommon, but adding them would presumably identify still more approximations.

Coarse- and fine-inch series threads are compared to metric threads in Table 4.3.

4.3.4 COATING ALLOWANCES

If fasteners are to be plated or otherwise coated, some clearance must be provided for the
coating. The way this is done is presumably of interest only to fastener manufacturers, who
would be guided by the applicable standards. Users (buyers) might find the following
summary of interest, however.

Inch series: The allowances specified for Class 2A external threads can accommodate
coatings of reasonable thickness. Special provisions must be made for other classes of external
thread, all internal threads, and threads to be given heavy coatings. Major and pitch diameter
limits before and after coating must be specified on engineering drawings, for example [2].

Metric series: External thread tolerance classes 6g and 4g6g provide allowances which can
accommodate normal coatings. For heavy coats, or if position h or H tolerance positions are
involved, one should consult the standards, e.g., ANSI/ASME B1.13M, for manufacturing
allowances [5].

Some problems have occurred in the past with mechanically galvanized fasteners. The
male thread dimensions had been reduced rather drastically, to accommodate the coating,
and this resulted in a significant loss of tooth strength. This is the kind of problem one
sometimes encounters when using low-cost suppliers.

4.3.5 TOLERANCES FOR ABNORMAL LENGTHS OF ENGAGEMENT

The allowances and tolerances specified in thread standards assume normal lengths of
engagement between male and female threads. The definition of “normal’ is spelled out in
the specifications, but, typically, it means lengths of engagement ranging from 1 to 1%2 times
the nominal diameter of the thread. Lengths for fine-pitch threads are alternately given in
number of pitches, with a range of 5-15 being considered normal [2].

If the length of engagement is to be abnormally short, then it’s wise to reduce the
clearance between male and female threads by reducing the allowance or the tolerance. If
the engagement is to be unusually long, tolerances must be relaxed or pitch mismatch may
make it impossible to assemble the fastener or to run the bolt into a deep, tapped hole.

The standards, again, define the procedures for modifying the allowance or tolerance.
ANSI/ASME B1.13M is especially clear on this point. It says that for very short lengths of
engagement the tolerance on the pitch diameter of the external thread should be reduced by
one number. For example, instead of 4g6g one might specify 3g6g.

For extra long lengths of engagement B1.13M says that the allowance on the pitch
diameter should be increased. A normal 4g6g would become 5g6g, for example.
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TABLE 4.3

Coarse- and Fine-Inch Series and Metric Fastener Series Compared
Thread

Diameter Diameter Metric

(in.) (tpi) Metric Series (in.) (tpi) Series

0.0600-80UNF 0.7500-10UNC

0.063-72.6 M1.6 x 0.35 0.7500-16UNF

0.079-63.5 M2 x0.4 0.79-10.2 M20 x 2.5

0.0860-56UNC 0.87-10.2 M22x2.5

0.0860-64UNF 0.8750-9UNC

0.098-56.4 M2.5 x 0.45 0.8750-14UNF

0.1120-40UNC 0.94-8.5 M24 x 3

0.1120-48UNF 1.0000-8UNC

0.12-50.8 M3 x 0.5 1.0000-12UNF

0.1380-32UNC 1.06-8.5 M27 x 3

0.1380-40UNF 1.1250-7UNC

0.14-42.3 M3.5%0.6 1.1250-12UNF

0.1640-32UNC 1.18-7.3 M30 x 3.5

0.16-36.3 M4 x 0.7 1.2500-7UNC

0.1640-36UNF 1.2500-12UNF

0.1900-24UNC 1.3750-6UNC

0.1900-32UNF 1.3750-12UNF

0.20-31.8 M5 x 0.8 1.42-6.4 M36 x 4

0.2500-20UNC 1.5000-6UNC

0.24-25.4 M6 x 1 1.5000-12UNF

0.2500-28UNF 1.65-5.6 M42 x 4.5

0.3125-18UNC 1.7500-5UNC

0.32-20.3 M8 x 1.25 1.89-5.1 M48 x 5

0.3125-24UNF 2.00004.5UNC

0.3750-16UNC 2.20-4.6 M56 x 5.5

0.39-16.9 MI0x 1.5 2.2500-4.5UNC

0.3750-24UNF 2.5000-4UNC

0.4375-14UNC 2.52-4.2 M64 x 6

0.4375-20UNF 2.7500-4UNC

0.47-14.5 MI2 x 1.75 2.83-4.2 M72 x 6

0.5000-13UNC 3.0000-4UNC

0.5000-20UNF 3.15-4.2 M80 x 6

0.55-12.7 Ml14x2 3.2500-4UNC

0.5625-12UNC 3.50004UNC

0.5625-18UNF 3.54-4.2 M90 x 6

0.6250-11UNC 3.75004UNC

0.63-12.7 M16 % 2 3.94-4.2 M100 x 6

0.6250-18UNF 4.0000-4UNC

4.4 INSPECTION LEVELS

Several levels of inspection have been defined for threads, depending upon the nature of the
application and the consequences of failure. There is considerable debate at present about
which fasteners should be required to pass which tests. We’ll take a much longer look at this
subject, and the broader subject of thread/fastener strength, later on in the chapter. Since
inspection levels are sometimes tacked onto thread designations, it’s useful to review them
briefly at this point [23].
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Level 21 is the least rigorous and is designed to guarantee functional assembly of male onto
female threads, plus functional size control of maximum material limits. This level is used with
most fasteners at present. The inspection can be performed with fixed GO, NO GO gages.

Level 21A is similar but is used only for metric threads. Level 22 controls the above and
also controls the minimum material size limits over the full length of engagement of the
thread. Level 23 controls all of the above and also controls, within established maximum-—
minimum limits, such things as thread flank angles, lead, taper, and roundness. This kind of
inspection can be performed only with indicating gages or optical comparators or other
devices that allow the inspector to measure all such parameters.

4.5 THREAD NOMENCLATURE

We can now put all of the above together to give the complete alphanumeric code or
description of a thread.

4.5.1 INCH SERIES

An example of an inch series external (bolt) thread “code” would be 4-20UNC 1A (21),

where
/4 = nominal diameter in inches
20 = number of threads per inch

UNC shows that this is a UN thread from the coarse series.

1A shows that this is a loose fitting, external thread (A) with a finite allowance and a
maximum tolerance on both pitch and major diameters (Class 1).

21 shows that the thread is to be inspected with simple GO, NO GO gages.

If that thread were used on a bolt with a 1 in. long body, the code used to define the
fastener would be 4-20 x 1.

Coarseness and fit would not usually be added to the fastener code. The number of
threads per inch gives the user coarseness information (a quarter-inch UNF fastener has
28 threads per inch; a quarter-inch UNEF one has 32). A fit of 2A and inspection level 21
would presumably be assumed for such a bolt. Another example would be 0.2500-32 UNJEF
3A, safety critical thread. Here we see the quarter-inch nominal diameter of the external
thread given in decimal form followed by the number of threads per inch, 32; the series, UNJ
extra fine; and the allowance and tolerance level, 3A. We’re also told that this fastener is
intended for safety critical applications. This statement defines the quality control and gaging
procedures used with it, namely level 23.

4.5.2 METRIC THREAD

An example of a complete code for an external metric thread would be MJ6 x 1-4 h 6 h,

where

M shows that this is a metric thread

J shows that the teeth have rounded roots with larger than standard radii

6 = nominal diameter in millimeters

1 = distance between successive thread crests (i.e., the pitch) in millimeters

4 h = the tolerance grade (4) and tolerance position (h) for the pitch diameter of the thread
(position h specifies zero allowance; Grade 4 is used for normal applications)

6 h = the tolerance grade and position for the major diameter (again h signifies zero
allowance; Grade 6 is also used for normal applications)
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4.6 COARSE- VERSUS FINE- VERSUS CONSTANT-PITCH THREADS

Which is best, coarse-pitch, fine-pitch, or constant-pitch threads? It depends on your appli-
cation. Each has advantages over the other [2-4,8,9].

4.6.1 CoARSE-PiTCcH THREADS

Coarse pitch is generally recommended for routine applications. Such threads will have
greater stripping strengths when used with weak nut or joint materials—or when used on
larger-diameter fasteners. Some say bolts over 1 in. in diameter should always have coarse
threads; others put the crossover point at 1% in.

It’s easier to tap brittle material if coarse-pitch threads are used. Such threads are also
easier to use in most cases: easier to start, faster rundown, etc.

4.6.2 FINE-PiTCH THREADS

Fine-pitch threads must be close fitting—made to Class 3 tolerances—to have acceptable
stripping strength, but if this is done the bolts these threads are used on can have higher
tensile strengths because the thread root and pitch diameters—and therefore the tensile
stress area, A,—are greater than they would be for a coarse-pitch thread on the same
nominal diameter. This advantage can be obtained, however, only with a suitably long length
of engagement between male and female threads. We’ll study this subject later on in this
chapter.

Fine-pitch threads are stronger in torsion, which means that they can be loaded to higher
preloads before yielding. They also resist self-loosening under vibration or shock, and resist
stress corrosion cracking, better than coarse-pitch threads do.

4.6.3 CONSTANT-PITCH THREADS

Constant-pitch threads are designed for applications where there will be repeated assembly
and disassembly or where it may be necessary to rethread the part in service. They’re used for
adjusting collars, for thin nuts or threaded sleeves on shafts. They’re also used in the design of
compact parts [2,4].

The 8-thread series is used on large-diameter fasteners and was originally intended for
bolts used in gasketed joints containing high pressure. It’s also widely used as a substitute for
coarse series fasteners when the basic fastener diameter exceeds 1 in.

The 12-thread series is used as a continuation of the fine thread series when bolt diameters
exceed 12 1n. It was also originally intended for pressure vessels but has now found wider use.

The 16-thread series is also used on large-diameter fasteners, again for those requiring
fine-pitch threads. It’s used as well for adjusting collars and as a continuation of the extra fine-
pitch series for bolt diameters over 146 in.

4.6.4 MisceLlANEOUS FACTORS AFFECTING CHOICE

We’ll see other thread characteristics that may affect our choice of thread as we proceed
through the book, but a few miscellanecous comments may be in order here.

A tighter fit, i.e., 3A versus 2A, gives a 10% increase in thread-stripping strength, because
there’s more root cross-section to be sheared. The rounded roots of the J profile will increase
the strength still further.

The UNJ or MJ threads also have more resistance to fatigue than do the UN/UNR or M
threads [21].

Threads tend to strip before the bolt breaks if the male—female fit is loose [10].
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The number of threads in the grip (between the face of the nut and the head of the bolt)
affects the ductility and stiffness of the fastener. Since we (usually) want ductility and low
stiffness (a more resilient spring for better energy storage) it would seem that we’d usually
want fully threaded fasteners. We’ll be especially interested in ductility if using yield control to
tighten the fasteners. (See Chapter 8.)

Factors like the shear strength of the fastener and its fit with its hole, however, often argue
instead for partial threads and an unthreaded body of nominal or reduced diameter.

4.7 THE STRENGTH OF THREADS

There’s a surprising amount of disagreement on what parameters determine the strength
of a thread and on how best to evaluate the quality—including the strength—of a
threaded fastener before use. Let’s take a look at some conventional wisdom concerning
thread strength and then look at some recent thoughts and concerns about thread strength
and quality.

4.7.1 Basic CONSIDERATIONS

As we saw in Chapter 1, one of our principal design goals is “a fastener strong enough to
support the maximum preload it might receive during assembly, plus the maximum additional
loads it might see in service, as a result of forces applied to the joint, differential thermal
expansion, etc.” The larger the nominal diameter of a fastener, of course, the stronger it will
be. As far as static loads are concerned, therefore, we’d like the shank or body of the bolt to
be the full, basic, or nominal diameter of the thread, or at least to be greater than the root
diameter of the threads [2].

We must then specify a length of thread engagement capable of developing the full
strength of that body. This is just another way of saying that we want the body to break
before the threads strip, because a broken bolt is easier to detect than a stripped thread.

When the threads strip they do so by shearing in one of three ways. If the nut material is
stronger than the material from which the bolt is made, the threads will strip at the roots of
the bolt teeth. If the bolt material is stronger, stripping will occur at the roots of the nut
threads. If the materials have equal strengths, both nut and bolt threads will strip simultan-
eously, at their pitch diameters.

Studies made at the National Bureau of Standards many years ago showed that the shear
strength for most common fastener materials varied between 50% and 60% of their ultimate
tensile strengths. As a result, the stripping areas (A4rs), defined in the formulas below (on
which the recommended lengths of thread engagement are based) are set at twice the tensile
stress area (A4,) of the same thread [5].

If the fastener is to be subjected to fatigue or impact loads, we’d like it to be more resilient
than a fastener subjected to static loads. Some recommend a shank (body) diameter about
60% of that used for static loads if the fastener will see impact loads, or a shank diameter of
90% of the static diameter if it will experience fatigue loads (repeated load cycles) [2].

4.7.2 THREAD STRENGTH EQUATIONS

You’ll find both long form and short form thread strength equations in earlier editions of this
book. Those equations are complete and accurate but they’re not convenient to use because
each requires input data for various thread parameters: the maximum inner diameter of the
nut threads or the minimum pitch diameter of the bolt threads, for example. Such things are
tabulated in long tables in Machinery’s Handbook or ANSI/ASME Bl1.1, or FED-STND-
H28, each of which also includes a group of thread strength equations. Since you have to go
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to one of these sources for the data it makes sense to go to them for your thread strength
equations as well.

You’ll find that the equations allow you to compute two different factors: Arg of the
threads and the length of thread engagement (L.) required to develop the full strength of
the fastener. You’ll also find that these two are, understandably, directly proportional to each
other. Longer engagement means more threads to strip, which means a larger stripping
area. You can’t compute Atg without knowing or assuming an L, or compute length of
engagement without making assumptions about Arg since each is a function of the other.

One of my goals is to give you all of the data you need to deal with most on-the-job,
everyday questions and to answer the problems at the end of each chapter. In pursuit of this
goal I have included Tables 4.5 through 4.7. They will give you the thread-stripping areas
for a length of thread engagement equal to one nominal diameter of the bolt. This is the
common length for thick or heavy hex nuts; which are stronger than thinner, regular hex
nuts. You can use an Atg from one of these tables to compute the force required to strip that
length of thread, using Equation 4.1 below. You can then compare that with the force
required to break your bolt (using Equation 3.1). Remember, nuts are usually made of
material weaker than the bolt material but, in an apparent contradiction, you want the bolt
to fail before the nut. If your calculations show that the threads would strip before the
bolt would break then you’ll have to change something: probably increase the length of
thread engagement.

In a minute I’ll show you how to deal with lengths of engagement greater or less than one
diameter. But first, here’s the basic procedure.

4.7.3 THReAD STRENGTH COMPUTATIONS WHEN L. = D

L. = D, where L. = length of thread engagement (in., mm) and D = nominal diameter of the
bolt (in., mm).
First we compute the force required to strip the threads:

Fs; = SuArs “4.1)

where
Su. =ultimate shear strength (psi, MPa) of the nut or bolt materials (from Table 2.7 in
Chapter 2)
Ars = cross-sectional area (in.>, mm?) through which the shear occurs for a length of
engagement equal to D (from Tables 4.5 through 4.7)
Fs, =the force (Ib, N) required to strip that length of threads of a bolt or nut

Next we compute the tensile force required to break the bolt (Fr.,) and compare it to the
force required to strip the threads:

Fren = UTS X As (3.1B)
You can find 4g in Tables 4.5 through 4.7, or can compute it from
As = 0.7895[D — (0.9743 /n)]* (3.1A)

In Equations 3.1A and 3.1B

UTS = ultimate tensile strength of the bolt material (psi, MPa)
As = the tensile stress area of the bolt (in.?, mm?)
D = nominal diameter of the bolt (in., mm)
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n = number of threads per inch
Fre, = the tensile force required to break the bolt (Ib, N)

If the computed Fgr is greater than Fr., you're finished. If not, or if the difference in
strength is unnecessarily large (too much length of engagement) proceed as suggested later.
First, though, let’s look at an example of the basic procedure.

4.7.4 Basic PROCEDURE—AN EXAMPLE

Let’s assume that we have the following:

Bolts: % in. diameter fasteners with 0.625-11UNC Class 2A threads (see Table 4.3) made
from ASTM F2281 GR 600 material having a UTS of 130 ksi (see Chapter 2; Section 5).

Joint material: SAE J414 GR 1035 having a shear strength of 54 ksi (see Table 2.7). We'll
tighten the bolts in tapped holes in this material rather than in nuts in this example.

From Table 4.6

Ats of a 0.625-11 Class 2A thread = 0.891 in.% if L, = D
As = 0.226 in.?

Fs. = Sy x Ats = 54,000 x 0.891 = 48,114 1bs

Fren = UTS x Ag = 130,000 x 0.226 = 29,380 lbs

So the bolt will break before the threads will strip if L, = D = 0.625 in. That’s the desirable
outcome so we may be done. But that’s a very large difference between thread and bolt
strengths, and suggests that we’ve asked for a greater length of thread engagement that
required. This also suggests “more nut threads than we need”” which, in turn, might lead to
a slight possibility of pitch interference. In any event, it’s useful to know what to do next if we
don’t like the results of the preceding calculation.

4.7.5 THReAD STRENGTH CALCULATIONS WHEN L. # D

As mentioned earlier the L. and the Atg are directly proportional to each other. It is,
therefore, very easy to compute stripping areas for engagement lengths other than nominal
diameter, D:

Ats' = (Desired L./D) x Ars 4.2)

where Ars is the value found in Tables 4.4 through 4.6. It is 0.891 in.? in the present example,
for a 0.625-11, Class 2A thread (in.>, mm?).

Ats' = Recalculated stripping area for a length of thread engagement greater to or less
than the nominal diameter of the fastener (D) (in.?, mm?).

For example, what if the joint plate in the previous example were only Y2 in. thick rather
than % in. thick?

Ars' = (0.5/0.625) x 0.891 = 0.7128 in.?

and

Fg = 54,000 x 0.7128 = 38,491 Ibs

The bolt will still break before the threads tapped in a Y2 in. plate will strip, so we could stop
here. What if the plate is only "4 in. thick?

Fs, = 54,000 x (0.250/0.625) x 0.891 = 19,245 1Ibs
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TABLE 4.4
Selected UNC/UNF/8UN Tread Stress and Shear Areas

Bolt Tread Strip Area, Nut Thread Strip Area,

Le + 1 Diameter Le = 1 Diameter

Thread Tensile Stress Area 2A/2B 3A/3B 2A/2B 3A/3B
0.1900-24UNC 0.0175 0.050 0.053 0.076 0.080
0.1900-32UNF 0.0200 0.052 0.055 0.074 0.078
0.2500-20UNC 0.0318 0.092 0.096 0.135 0.141
0.2500-28 UNF 0.0364 0.093 0.101 0.130 0.137
0.3125-18UNC 0.0524 0.147 0.157 0.213 0.222
0.3750-16UCN 0.0775 0.216 0.232 0.310 0.322
0.3750-24UNF 0.0878 0.217 0.242 0.299 0.314
0.4375-14UFC 0.0163 0.296 0.321 0.428 0.443
0.5000-13UFC 0.1419 0.389 0.427 0.562 0.581
0.5000-20UNF 0.1599 0.400 0.444 0.541 0.567
0.5625-12UNC 0.182 0.503 0.548 0.717 0.741
0.6250-11UNC 0.226 0.624 0.683 0.891 0.919
0.6250-18UNF 0.256 0.624 0.708 0.853 0.892
0.7500-10UNC 0.334 0.910 1.00 1.29 1.33
0.7500-16UNF 0.373 0.924 1.04 1.24 1.30
0.8750-9UNC 0.462 1.24 1.38 1.77 1.83
0.8750-14UNF 0.509 1.26 1.43 1.71 1.78
1.0000-8UNC 0.606 1.66 1.82 2.33 2.40
1.1250-8UN 0.790 1.92 2.14 2.95 3.04
1.2500-8UN 1.000 2.65 291 3.65 3.75
1.3750-8UN 1.233 3.22 3.55 4.41 4.54
1.5000-8UN 1.492 3.86 4.26 5.25 5.41
1.6250-8UN 1.78 4.55 5.03 6.17 6.35
1.7500-8UN 2.08 5.30 5.87 7.15 7.36
1.8750-8UN 2.41 6.10 6.76 8.20 8.45
2.0000-8UN 2.77 6.96 7.72 9.32 9.61
2.2500-8UN 3.56 8.85 9.83 11.78 12.16
2.5000-8UN 4.44 10.96 12.19 14.53 15.01
2.7500-8UN 5.43 13.30 14.80 17.57 18.16
3.0000-8UN 6.51 15.85 17.67 20.88 21.59
3.2500-8UN 7.69 18.62 20.79 24.47 25.32
3.5000-8UN 8.96 21.63 24.16 28.37 29.36
3.7500-8UN 10.34 24.83 27.78 32,51 33.67
4.0000-8UN 11.81 28.28 31.65 36.96 38.30

Note: All areas are given in square inches.

Now the threads will strip before our %—11 bolt would break, which is not a good idea. In
this case we should use a regular or heavy nut to tighten the bolts, rather than tapping the
holes in the plate.

4.7.6 OTHER STRESS AREA FORMULAS

In Chapter 3, we were introduced to the most common formula for the thread stress area
(Equation 3.1A). We will usually use this expression when computing the strength of a thread
and, in fact, have been using it in Section 4.7.3. It could be important for you to know,
however, that different expressions must be used for some of the other thread forms illus-
trated in Figures 4.1 and 4.2. Here are some examples [27].
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TABLE 4.5

Selected Metric M Series Thread Stress and Shear Areas

Bolt Thread Strip Area,
Le = 1 Diameter

Nut Thread Strip Area,
Le = 1 Diameter

Thread Tensile Stress Area 6H/6g 6H/4g6g 6H6g and H/4g6g
M5 x 0.8 14.183 35.366 37.085 49.994
M6 x 1 20.123 51.875 54.174 73.145
M8 x 1.25 36.609 97.290 100.74 134.63
MI10 x 1.5 57.990 155.80 160.73 214.77
MI12x1 84.267 227.72 234.86 313.41
Ml14 x2 115.44 313.94 323.24 434.47
M16 x 2 156.67 417.55 429.92 569.12
M20 x 2.5 244.79 665.58 682.06 907.76
M22 x 2.5 303.40 814.67 — 1,100.3
M24 x 3 352.50 971.10 994.23 1,320.2
M27 x 3 459.41 1,246.7 — 1,674.3
M30 x 3.5 560.59 1,549.2 1,582.5 2,086.5
M36 x 4 816.72 2,271.5 2,315.8 3,026.2
M42 x 4.5 1,120.9 3,120.2 3,175.2 4,168.3
M48 x 5 1,473.2 4,119.5 4,187.3 5,482.0
M56 x 5.5 2,030.0 5,680.3 5,769.4 7,510.2
M64 x 6 2,676.0 7,483.6 7,596.4 9,847.3
M72 x 6 3,459.8 9,574.2 9,718.5 12,478
M280 x 6 4,344.1 11,922 12,101 15,419
M90 x 6 5,590.8 15,217 15,446 19,534
100 x 6 6,994.7 18,856 19,170 24,059

Note: All areas given in square millimeters.

UNJ threads rolled after heat treatment:

Ag = 0.7854(d5 max)*

UNIJ and M1 threads rolled before heat treatment or not rolled at all:

Ag = 0.7854[0.5(c> max + d3max)]*
M-form metric threads:
Ag = 0.7854(D — 0.9382P)>

Metric MJ threads rolled after heat treatment:

AS = 07854(d3mdx)2[2 - d3 max/dZmax)z]

where
D =basic pitch diameter (in., mm)
P =thread pitch (in., mm)

d>rmax = maximum pitch diameter (in., mm)
d3max = maximum rounded root minor diameter
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4.8 WHAT HAPPENS TO THREAD FORM UNDER LOAD?

When torque is applied to a nut, the nut moves along the bolt thread and is pressed against
the surface of the part to the fastened. This force at the bearing surface compresses the nut; the
nut, in turn, transmits this force to the bolt and develops a tensile stress in the bolt.
Since the nut is compressed, its thread lead is reduced. The tension in the bolt causes it to
stretch, so its thread lead is increased.

Before the load is applied to the nut, the thread leads of nut and bolt are the same. But
now that the joint is loaded, the threads no longer match. This puts an uneven load on the
threads, with the highest load concentrated at the threads nearest the bearing surface of the
nut. Localized yielding results in some of the load being transmitted to subsequent threads.
The problem is that high stresses are concentrated in just a few threads. Even if the threads do
not strip, the fatigue life of the joint is reduced.

Under load, forces are transmitted from nut thread flanks to bolt thread flanks. When nut
and bolt flank angles are the same, contact between threads is across the full flanks and the
effective load acts as if it were at the centers of the flanks. This force produces a moment
around the thread roots, like that of a cantilever beam, and results in stresses concentrated at
the roots.

If the flank angle of a thread ridge in the bolt thread is smaller than that of the mating nut
thread ridge, contact will be at the crest of the bolt thread and the cantilever beam stress at the
bolt thread root will be approximately twice that which was experienced when flank angles
were equal. But if the flank angle of the bolt thread is larger, contact between nut and bolt
threads is near the bolt thread root and cantilever beam stresses at the root are minimized (see
Figure 4.8). Minimizing the bolt thread root stresses is known to reduce bolt fatigue. (It has
been recognized that at the same time stresses at the root of the bolt thread are minimized,
stresses at the root of the nut threads are increased. Nuts and other tapped parts are generally
less likely to fail from fatigue, however.)

In the 1960s, Standard Pressed Steel Company (now SPS Technologies, Inc.), on the basis
of the known effects of changes in thread form under load, developed modifications to the
standard UNJ form thread (also a development of SPS) to improve bolt fatigue life. One
modification reduced the lead of the bolt thread just enough that under load it would be the
same as the lead of the loaded nut thread while still permitting assembly prior to applicable of
the load. The other modification increased the pressure flank angle of the bolt thread by 5° to
ensure contact of the nut thread ridges near the bolt thread roots, to minimize bending
stresses at the root. This thread is called the asymmetric thread and is used on bolts that
must have the best possible fatigue performance.

4.9 THINGS THAT MODIFY THE STATIC STRENGTH OF THREADS
4.9.1 CommoN FAcTORS

We saw earlier that there are a number of factors which can modify the anticipated tensile
strength of a bolt—such things as high temperature, corrosion, torsion, or cyclic loading.
These things can also modify the strength of threads. So can some other factors which aren’t
quite as obvious, given below.

Nut dilation [12,13]. If the walls of the nut are not thick enough, the wedging action of the
threads will dilate the nut, partially extracting the nut threads from the bolt threads. This
reduces thread engagement, and therefore reduces the cross-sectional areas which support the
shear load, reducing shear strength. The standard width to nominal diameter ratio for
medium diameter threads (e.g., %8 in.) is 1.7:1. The ratio for large diameters (e.g., 1%2 in.)
is 1.6:1. The ratio for small diameters (e.g., ¥4 in.) is 2:1 [28]. If the ratio between width
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FIGURE 4.4 Strength reduction factor for nut dilation, as a function of the ratio of the across-the-flats
distance to the nominal diameter of the fastener. (Modified from the formula for calculating the stripping
strength of internal threads in steel, Report to ISO/TCI/WG4 by Sweden-Bultfabrike, AB, 1975.)

across flats and nominal diameter is only 1.4:1, for example, strength will be reduced by 25%
as shown in Figure 4.4. The ratio for small diameters (e.g., /4 in.) is 2:1 [28]. Note that the
reduction applies to both nut or bolt threads, the failure occurring in the weaker of the two.

Oversized holes are often used in structural steel, shipbuilding, and other applications
involving massive joint members which are difficult to align. Dilation of regular hex nuts can
be increased if only the tips of the nut hex contacts the joint. Washers and heavy hex nuts are
recommended in such situations [29].

Relative strength of nut-to-bolt threads [14-16]. As we have seen, the relative strength
always determines which members will fail. If there is too big a difference between the two
materials, another factor must be considered: The weaker of the two threads will deflect under
the relatively stiff action of the other, creating a form of thread disengagement that again
reduces the area supporting shear stress. Note that it doesn’t matter which thread—nut or
bolt—is substantially weaker than the other. The result is shown in Figure 4.5.

Coefficient of friction. If the coefficient of friction between nut and bolt threads is too low,
then both nut dilation and thread bending become more likely because the threads can pull
apart more readily. A lubricant such as phosphate and oil, for example, is said to reduce
resistance to thread stripping by as much as 10% [14].

Rotary motion [14,17]. Dynamic friction is usually less than static friction. As we have seen
above, anything that reduces friction between nut and bolt threads makes it easier for the nut
to dilate and for the threads to bend. This means that the threads are a little more likely to
strip during torquing operations when the nut is moving relative to the bolt than they are
under static loads. The reduction in strength is estimated to be approximately 5%.

To compute the modified potential strength of a nut thread, therefore, one multiplies the
apparent strength in pounds by the appropriate nut dilation factor from Figure 4.4 and by
the appropriate thread bending factor (for nuts) from Figure 4.5. If the threads are lubricated,
the computed strength should be reduced by an additional 10%; if torque is used to tighten the
nuts, a final 5% reduction is required.

Similar calculations are used to estimate the strength of the bolt threads, the only
difference being that the thread bending factor used (from Figure 4.5) will be that for bolts
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FIGURE 4.5 Strength reduction factor for thread bending. The horizontal axis gives the ratio of nut
strength to bolt strength. (Modified from Alexander, E.M., Design and strength of screw threads,
Transactions of Conference on Metric Mechanical Fasteners co-sponsored by ANSI, ASME, ASTM,
and SAE, presented at American National Metric Council Conference, Washington, DC, 1975.)

rather than for nuts. As an example, let’s compute the strength of the threads for the 0.625-11,
2A bolt whose thread-stripping area from Table 4.5 is 0.624 in.>. Let’s assume that because
of space limitations we’re using a nut with a ratio of width across flats to nominal diameter of
1.45:1, a little less than normal.

The nut is 0.547 in. thick (see Appendix F). Let’s now assume that the nut material is 25%
weaker than the bolt material, with a shear strength of 98 ksi. We’re going to use it with an
ASTM F2281 GR 600 bolt whose UTS is 130 ksi (Table 4.2). We can estimate the bolt’s shear
strength at 60% of its UTS or 78 ksi.

The bolts are to be lubricated with molydisulfide, an even better thread lube than
phosphate and oil (see Table 7.1) and they’ll be tightened with a torque wrench.

We use Equation 4.1 to compute the theoretical force required to strip the threads of
the bolt.

Fsy = Sy x Ats

where
S, =96 ksi
Ats=0.891 x (0.547/0.625) = 0.780 in.>
Fg, =78,000 x 0.780 = 60,825 1bs

Now we apply the strength reduction factors as follows:

SR1 = strength reduction factor for nut dilation for a 1.45:1 ratio = 0.8 (from Figure 4.4).

SR2 = strength reduction factor when the nut material is 25% stronger = 1.1 (from
Figure 4.5).

SR3 = coefficient of friction factor. Let’s assume 15% loss of strength (which is probably
conservative) because moly is almost 50% more lubricious than phos-oil is (see Table
7.1), so SR3 = 0.85.

SR4 = rotary motion factor, a loss of 5%, so SR4 = 0.95.
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The reduced estimate for the strength of our threads is now:

Fs/ = Fs¢ x SR1 x SR2 x SR3 x SR4
Fs/ = 60,825 x 0.8 x 0.975 x 0.85 x 0.95 = 38,311 lbs

A significant difference! As we saw, the bolt has an Fr., of 29,380 1bs so the bolt would
presumably break before these threads stripped, which is desirable. Not much margin for
safety, however.

Is this analysis valid? The reduction factors we’ve just used come from studies made by
Alexander for the SAE [14] and the results, commonly called the ““Alexander model,”” have
been widely accepted and used. Conclusion: the estimate we’ve just made is valid. If we
needed more strength than that implied by the results we should increase the length of
engagement between the bolt and our abnormally thin-walled nut.

4.9.2 WHicH Is UsuALLy STRONGER—NuUT OR BoLT?

We have considered this issue several times, but it is important enough to elaborate. You will
find that the proof strength of a standard nut is generally greater than the proof strength of
the fastener with which it is supposed to be used. Designers would prefer bolt failure to nut
failure because a failure of the bolt is more obvious. For example, the amount of torque we
can apply to a bolt with a stripped thread is often greater than that we had applied just before
stripping occurred. The increased torque indicates an increase in tension or preload in the
bolt, when, in fact, all preload is lost when the thread fails. On the other hand, there’s no
chance of misreading the situation when the body of a bolt breaks; that’s obvious. In an
apparent contradiction, nuts are made of weaker (softer) materials than bolts. This encour-
ages plastic yielding in nut threads to bring more threads into play in supporting the load. But
the nut as a body will still withstand a higher tensile force than the mating bolt. For the same
reason designers will want tapped holes to be deep enough to more than support the full
strength of the bolt. Use of the suggested length of engagement design procedure (Equations
3.1 and 4.1) can be used to achieve this result. Most people will use this procedure, or its
equivalent in ANSI/ASME Bl1.1, only to find the thread length of tapped holes. They won’t
design nuts.

Note that standard nuts come in several configurations. As far as hex nuts are concerned,
a regular hex nut has a thread length equal to 0.875 times the nominal diameter of the bolt.
Thick and heavy hex nuts have a length equal to the nominal diameter. All three should be
able to develop the full strength of the bolt with varying factors of safety, but there can be
problems. You’ll find a further discussion, and some recommendations on which nut to use,
in Table 2.3.

4.9.3 TABLES OF TENSILE STRESS AND SHEAR AREAS

Equations are nice, but it’s often handy to have a table of “answers.” Tables 4.4 and 4.5
give stress areas and thread-stripping areas. The stripping areas for internal threads are
1.3-1.5 times those shown in Table 4.6. Remember, we always want the bolt, not the nut,
to fail.

As mentioned earlier, a more complete table of tensile stress areas will be found in
Appendix E. The thread-stripping areas given above are in square inches for a length of
thread engagement equal to one nominal diameter of the bolt (the common length for thick or
heavy hex nuts). The stripping areas for the mating internal threads would be 1.3-1.5 those
shown here.
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4.10 OTHER FACTORS AFFECTING STRENGTH

So much for the conventional wisdom concerning thread strength. The formulas we’ve looked
at were all based on the assumption that the threads would be manufactured within tolerances
specified by ANSI/ASME BI.1 or equivalent. Recent aerospace and other experience has
suggested that this may not be enough, that various thread distortions can be produced
during manufacture—and may have a significant effect on the thread’s strength and perform-
ance. The issue is currently being debated, and a research project to resolve it is under way or
planned at this time (mid-2007). In any event, here are some of the factors whose importance
has been questioned and is, therefore, currently being studied.

4.10.1 PitcH DIAMETER

If thread geometry gets too far away from that defined by the ASME B1.1 standard, the
equations of this chapter may no longer work [19]. And small differences in thread dimen-
sions, angle, etc. may make a significant difference in thread strength [20]. The pitch diameter
of a 0.625-18UNF-3A/3B thread, for example, is a nominal 0.5889 in. ASME Bl.1 allows a
tolerance of 40, —0.0035 in. on that pitch diameter. Assuming that this bolt is used with a nut
having a nominal pitch diameter (also 0.5889 in.), a bolt having the minimum pitch diameter
allowed by the specification would have 16% less thread strength than a bolt with a nominal
pitch diameter.

If the pitch diameter of that bolt is 10 mils less than nominal, it will have less than half the
rated strength; at 20 mils, it will have only a quarter of its rate strength; all, still, if used with a
nut having nominal PD.

A similar loss of strength occurs if the pitch diameter of the nut is greater than nominal. If
both nut and bolt are wrong—the nut being too large and the bolt too small—the loss of
strength can be almost complete.

4.10.2 OTHER THREAD PARAMETERS

Pitch diameter is not the only geometrical factor we must be concerned about. Anything
which reduces the amount of contact between male and female threads will affect their
strength. If the bolt or nut is slightly tapered, for example, the threads will be partially
disengaged at one end of the engagement length. If the threads on either are slightly out-
of-round, they will not be fully engaged during a portion of each turn. If the pitch of the male
threads differs from that of the female threads, they will be in engagement only over a portion
of the engagement length. If the helix angle of nut or bolt is irregular, we can get a condition
called a “drunken” thread. If the flank (included) angle of the teeth is too great or too small,
we will get improper engagement. Some of these problems are illustrated in Figures 4.6
through 4.8. All of them, again, may cause a significant loss of strength in the threads: but
studies are needed to confirm this. It has also been suggested that improper thread profiles
such as those shown in these figures can reduce the resistance of a fastener to shock or
vibration and therefore will encourage self-loosening.

These problems, incidentally, have been more common in recent years, again thanks to
manufacturers of low-cost bolts.

Note that simple GO and NO GO thread gages will not catch such problems as incorrect
flank angle or incorrect pitch diameter. They really only check basic root and nominal
diameter; so a bolt can pass such gages and still may have less than normal thread
strength. Indicating gages are available, however, which check all of the necessary geometrical
factors.
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EXERCISES AND PROBLEMS

1. A thread is defined as 2—13UNC 3B (21). What does that tell us about the thread?

2. Another thread is defined as M8x1.25 6H. What does that tell us?

3. We have a "4-20 Class 2A thread on an ASTM A325 bolt. How much force would be
required to break the bolt? (refer Section 2.5.2, Table 4.4, and Equation 3.1)

4. How much force would be required to strip the threads of the bolt described in #3 above?
(refer Sections 2.5.2 and 2.8)

5. How much force would be required to strip the threads of an A540 heavy hex nut with
1-8UNC threads? (refer Sections 2.5.3 and 2.8 and Table 4.5)

6. Could the bolt described in #3 be safely used with a tapped hole in an SAE J453 GR 306
aluminum die casting ¥is in. thick? (refer Tables 2.7 and 4.5)

7. We are planning to use a special nut on the bolt described in #3 above. Here are the
parameters of the nut:

Material: 6061 T6 aluminum

Across the flats dimension: 0.4 in.

The nut will be lubricated. It will be tightened with a hand wrench.

How much force would be required to strip the threads of this nut? (refer Section 2.5.2,
Table 2.1, and Figures 2.4 and 2.5)

8. We are planning to use ASTM F2282 GR IFI-1006 bolts with 0.3750-16UNC threads
tightened into tapped holes in a Y4 in. thick joint plate made of ASTM A36 low carbon
steel. Is that a good idea? (refer Table 2.7)

9. How many threads are there in the tapped hole in Problem 8?
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Stiffness and Strain
Considerations

As we learned in Chapter 1, both bolt and joint members are, in effect, stiff springs. They
deflect under load. They relax when the load is removed. They store potential energy and can
create an appropriate clamping force—and therefore function as an effective joint—only as
long as they retain “enough” of that energy.

Because of all this, one of the most important properties of the bolt and joint members is
their stiffness. Less stiff—I"ll often call them “softer”—springs can often store energy more
effectively than very stiff ones, so we’ll be interested in how stiff they are. In addition, the
“joint stiffness ratio,” which I’ll define near the end of this chapter, is an extremely important
design parameter which affects the way the bolts and joint members absorb external loads,
respond to changes in load, respond to changes in temperature, etc.

Let’s look in detail, then, at this concept of stiffness and at the related deflection of or
strain in the bolt and joint members. We’ll start with the bolt, then examine the joint, and then
take a brief look at the stiffness ratio.

5.1 BOLT DEFLECTION
5.1.1 Basic CONCEPTS

Let’s apply equal and opposite forces to the ends of a rod of nonuniform diameter, as shown
in Figure 5.1. If the tension stress created in the rod is below the proportional limit, we can use
Hooke’s law and the relationship between springs in series to compute the change in length of
the rod.

The combined change in length of the rod will be equal to the sum of the changes in each
section:

ALc =AL + AL, + AL; 5.1
Hooke’s law tells that the change in one section will be

FL

AL =— 5.2

EA (5-2)
where

AL = change in length (in., mm)

A = cross-sectional area (in.”, mm?)

L = length of the section (in., mm)

E = modulus of elasticity (psi, GPa)

F = applied tensile force (Ib, N)

85
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F F
—_—
F F
- —>
2
]
3

FIGURE 5.1 Rod of nonuniform diameter, loaded in tension, and equivalent spring model.

Since the various sections are connected in series, they each see the same force, so we can
combine Equations 5.1 and 5.2 above and write

L, L, L
ALc=F|—F—+—"+— 5.3
¢ <EA1+EA2+EA3> -3
Now, the spring constant of a body is defined as
F
K=— 5.4
AL (>4)
where
K = spring constant or stiffness (Ib/in., N/mm)
AL = change in length of the body under load (in., mm) F
F = applied load (Ib, N)
The spring constant of a group of bodies, connected in series, is
1 | 1 1
- =44 5.5
%K + é + e (5.5
where
Kt = combined spring constant of the group (Ib/in., N/mm)
K, Ko, ... = spring constants of individual members of the group (Ib/in., N/mm)

Now, the equation for the spring constant of a body can be rewritten as

F 1

Comparing our equation for the spring constant for a group of bodies to the equation for the
stretch or change in length of a group of bodies, we see that

1\ L L L
(E)‘EA1+EA2+EA3 (5.7)
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Force (F)

] —

Change in length (AL)

FIGURE 5.2 Elastic curves for a short, stubby bolt and a long, thin bolt cut from the same material.

Note that the stiffness of either a plain or complex body is very much a function of the ratio
between length and cross-sectional area—it’s a function, in other words, of the ““shape” of
body just as much as it is a function of the material from which the body is made. If we take
one piece of alloy steel and make two bolts from it, one a short, stubby bolt and the other long
and thin, and we then place the bolts in tension and plot elastic curves for them, we will end
up with two curves such as shown in Figure 5.2.

The equations used for a rod having several different diameters are basically the equations
we would use for computing change in length and stiffness of bolts. If we can compute or
predict the lengths, cross-sectional areas, and modulus of the material, we should be able to
compute the deflection under load. There is some ambiguity, however, about each of these
factors when we’re dealing with bolts. We’ll take a closer look.

First, though, note that I included the modulus of elasticity in the list of things we’ll need
to know. We have not needed that material property until now. Most engineers dealing with
bolts and joints don’t need to know the modulus because they’re primarily interested in the
tensile or shear strengths of bolts, threads, joint members, etc. Those, like us, who are also
interested in the response of bolts and joints to service loads, temperature cycles, etc. will find
the modulus a very important factor. Table 5.1 lists the modulus for many bolt and joint
materials.

5.1.2 CHANGE IN LENGTH OF THE BoLt

5.1.2.1 Effective Length

Tensile loads are not applied to bolts “from end to end”’; they’re applied between the inner
face of the nut and the undersurface of the head. The entire bolt is not loaded, therefore, the
way the test rods are. There is zero tensile stress in the free ends, for example.

There is, however, some stress in portions of both the head and the threads (see Figure
3.5). We cannot assume that the bolt is merely a cylinder equal in length to the grip length.
Instead, we have to make some assumption concerning the stress levels which will allow us to
estimate an “‘effective length” for the bolt that is somewhere between the true overall length
and the grip length.

www. Engi neeri ngEbooksPdf . con



88 Introduction to the Design and Behavior of Bolted Joints

TABLE 5.1
Modulus of Elasticity at Room Temperature (x10° psi)
Bolt Materials Modulus Ref.
ASTM A193 B5 30.9 [13]
B7 29.7 [13]
B8-Cl 1 28.3 [13]
B16 29.7 [13]
ASTM A325 29.5 [14]
ASTM A354 29.3 [13]
ASTM A490 29.3 [13]
H-11 30.6 [14]
Inconel 600 31.4 [14]
Ti 6Al-4V 16.5 [14]
Metric SAE J1199 [17]
4.6/4.8/5.8 295
8.8/9.8/10.9 29.3
Joint materials
Steels low carbon 29.5 [15]
Medium carbon 29.3 [15]
Chrome-Moly 29.7 [15]
Austenitic 28.3 [15]
Aluminum
2024 10.6 [15]
Cast 8-10 [16]
Iron
SAE J158 Malleable 25-26 [18]
SAE J434
Ductile 22 [16]
Cast 12-14 [16]
Wrought 26-29 [16]
Cold rolled brass 13.1 [16]

We know from Chapter 3 that tensile stress in a bolt is maximum near the inner faces of
the head and nut, and that tensile stress is zero at the outboard faces of the nut and head.
Assuming that there is a uniform decrease in stress from inboard to outboard faces of the
head, as suggested by Figure 3.4, we can make the assumption that the average stress level in
the head of the bolt is one-half the body stress; or we can make a mathematically equivalent
assumption and say that one-half of the head is uniformly loaded at the body stress level and
that the rest of the head sees zero stress. Similarly, we can say that one-half of the threads
engaged by the nut are loaded at the “exposed thread” stress level. We are now in a position
to say that the effective length (Lg) of the fastener is equal to the length of the body (Lg) plus
one-half the thickness of the head (7y) added to the length of the exposed threads (Lt)
plus one-half the thickness of the nut (7), as suggested by Figure 5.3 or by

Lg = (Lg + Tu/2) + (Lt + Tn/2) (5.7a)

Compare the actual stress levels sketched in Figure 5.3 with those shown in Figures 3.5,
3.6, and 3.7. We have taken the simplest case for estimating the effective length of our bolt.
There’s really no simple way we could deal with the “true” stress distribution, which would
involve a finite-element analysis or the like and would require more information about the
geometry of a particular bolt and joint than we’ll ever have in practice. We’ll find, however,
that the assumptions we have made give us reasonable predictions in many applications,
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FIGURE 5.3 TIllustration of actual bolt configuration and average tensile stress levels (A), and the
equivalent configuration and stress distribution assumed for calculation purposes (B).

because the bulk of the fastener is stressed at, or near, the levels we have assumed. It is only
the surfaces of the fastener that exhibit the maximum deviations from these averages.

At least that’s true as far as long, thin bolts are concerned. As the length-to-diameter ratio
of the bolt decreases, and the bolt becomes more and more short and stubby, our assumption
of effective length becomes more and more suspect. More about this in Chapter 9.

I have suggested that we use one-half the thickness of the head and one-half the thickness
of the nut to compute the effective length of the equivalent fastener. I should mention in
passing that other sources recommend slightly different correction factors, such as
0.4 x nominal diameter for the head, and another 0.4 x D for the nut [1]; or 0.3 x D for
each [2]; or nothing for the head and 0.6 x D for the nut [3]. The thickness of a standard heavy
hex nut, incidentally, is equal to the nominal diameter, so the correction I have suggested is
equal to 0.5 x D for a heavy hex nut and a little more for a light nut.

5.1.2.2 Cross-Sectional Areas of the Bolt

We also have to make some assumptions concerning cross-sectional areas of the bolt when
computing change in length. The body area is no mystery; it’s merely equal to m x D?/4,
where D is the nominal diameter of the fastener.

For the cross-sectional area of the threads, however, we must use the effective or “stress
area’ discussed in Chapter 3.

5.1.3 CoMmpuUTING CHANGE IN LENGTH OF THE BoLT

We can now compute the approximate change in length of the bolt under load:

+ (5.8)

Lbe Lse
ALc = F
¢ P(EAB EAS>

where

Ly, = the effective length of the body (true body length plus one-half the thickness of the
head of the bolt) (in., mm) (see Appendix F)

Ly, = the effective length of the threads (length of exposed threads plus one-half the
thickness of the nut) (in., mm) (see Appendix F)

ALc = combined change in length of all portions (in., mm)

As = the effective stress area of the threads (see Chapter 3) (in.2, mm?) (see Appendix E)

Ap = the cross-sectional area of the body (in.2, mm?)
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L, L, Ly Ly L Lg
Alg=Fpl— + —+ —+ — + — + — (5.9)
EA, EA, EA; EA, EA; EAg

0

L,

Ly Ly Ly 'Ls' Lg

FIGURE 5.4 Each cross section of a complex fastener must be computed separately.

E = the modulus of elasticity (psi, N/mmz) (Table 5.1)
Fp = tension in bolt (Ib, N)

If the fastener has a more complex shape, as shown in Figure 5.4, then additional sections
must be computed, but there is otherwise no change in the procedure. The change in length
for the fastener shown in Figure 5.4, for example, would be

(5.9)

L, L Ly L& Ls L
EA, ' EA> ' EAs ' EAs ' EAs  EAg

ALC:FP(_+—+—+

5.2 BOLT STIFFNESS CALCULATIONS
5.2.1 Basic CoNCEPTS

Once we know how to compute the change in length of the fastener, we can also estimate the
spring constant or stiffness, using the relationship

Kg = Fp/ALc (5.10)

Before using this equation let me mention that Equation 5.12 gives us an alternative—and
perhaps more convenient—way to estimate bolt stiffness. But for now, let’s continue with
Equation 5.10.

5.2.2 EXAMPLE

Let’s compute the stiffness and change in length of a %-16 x 2 SAE, Grade 8 hex bolt
(shown in Figure 5.5) in a joint having a 1 in. grip length (Lg). We can get the nominal
dimensions we’ll need by measuring a sample bolt, or, more safely, by referring to the
pertinent specifications, or to the data in Appendices E and F. These tell us the following:

Specification Dimension
SAE J 104 (nut) Height of nut (7) = 0.3285 in.
SAE J 105 (bolt) Height of head (7y) = 0.2345 in.
ANSI Bl.1-1974 (thread) Thread length (L1) = 1.000 in.

Tensile stress area of threads (4s) = 0.0775 in.?

From the description of the bolt, we already know, of course, that nominal body diameter
(D) = 0.375 in. and nominal shank length (L) = 1.500 in.
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FIGURE 5.5 The bolt whose stiffness and elongation are computed in the text.

_wD?  w(0.375)°

_ .2
) ) =0.1104 in.

Ap
We must now compute the nominal cross-sectional area (Ag), the nominal length of the
body (Lp),
Ig=L—-L =15-10=0.5in.

and the effective lengths of body and threaded sections, remembering that we’re interested
only in the threads that are actively engaged in carrying load:

Ly = Lg + Ty/2 =0.540.1173 = 0.6173 in.
Lie=Lc—Lg+ Tn/2=1.0-0.5+0.1643 = 0.6643 in.

We’re now ready to compute the reciprocal of the spring constant of this bolt in this joint:

I Ly | Le 0.6173 0.6643 ~ o
Ko " Edy T EA 30 x 105 x 0.1104 T 30 x 106 x 0,0775  *-4708 < 1077 in./Ib

Once we have this, we can compute the change in length for a given force. What force should
we use? A typical tightening specification would be “60% of yield strength,” which, for an
SAE Grade 8 bolt, would be 0.6 x 130,000, or 78,000 psi. (You’ll find yield strengths in
Chapter 2.)

To convert this desired stress level to axial force, we multiply the stress value by the tensile
stress area of the threads:

Fp =Sy x As = 78,000 x 0.0775 = 6045 1bs

We can now compute the change in length, which this tensile force would create in this
bolt in this joint,

1
ALc = Fp <K_> = 6045 x 0.4708 x 107 = 0.00285 in.
B

and, for later reference, we note that

1

Ks = 54708 x 106

= 2.124 x 10° Ib/in.
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5.2.3 ActuAL VErsus COMPUTED STRETCH AND STIFFNESS

The equations we have given are widely used, but the stretch and stiffness they predict can be
quite inaccurate. The exact dimensions of a given bolt won’t be the nominal dimensions in
most cases, because of manufacturing variations. The modulus of elasticity will vary a little.
Stress concentrations of the sort discussed in Chapter 3 can make a large difference in the
actual relationship between applied force and change in length in a given bolt. Bending can
also distort the relationship. These and other factors will be discussed at length in Chapter 9,
where we discuss stretch measurement as a way to control preload.

5.2.4 STIFFNESS OF BOLT-NUT—WASHER SYSTEM

So far we have considered only the stiffness of the bolt itself. The joint is never clamped by a
bolt, however; it’s clamped by a bolt-and-nut system—or by a bolt-nut-washer system. The
stiffness of this combination of parts is found by

11 1 1
i 1.1 5.11
K Ks Ky @ Kw (>-11)

where
Kt = total stiffness of the system (Ib/in., N/mm)
Kg = stiffness of the bolt (Ib/in., N/mm)
Ky = stiffness of the nut (Ib/in., N/mm)
stiffness of washer (Ib/in., N/mm)

o
|

As we’ll see in Chapter 11 when we examine the nonlinear behavior of a joint, the fact that
the joint is clamped by a bolt-nut-washer system, instead of by the bolt alone, makes a big
difference. The stiffness of the system, for example, is only about half the stiffness of the bolt
alone [6]. Interactions between parts also make the behavior—including the apparent stiff-
ness—drastically nonlinear, especially at low load levels.

None of this is taken into consideration in classical joint design, however, which assumes
linear, elastic behavior, and which assumes that the stiffness of the clamping element will be
that of the bolt alone. We’ll know better by the time we study Chapter 11.

Before leaving the subject of washers we should note that the washer can have a signifi-
cant impact on the stiffness of the joint. A large-diameter, heavy washer will allow a bolt to
apply clamping force to more joint material than will a light washer—or no washer. The more
joint material involved, the more force it takes to compress the joint by a given amount; i.e.,
the joint becomes a stiffer spring. As we’ll see in later chapters, this has many implications for
the design and behavior of the bolted joint.

5.2.5 ALTERNATIVE EXPRESSION FOR BOLT STIFFNESS

Although the procedure we’ve used to compute bolt stiffness is correct and emphasizes the all-
important deflection or change in length of the bolt, it’s cumbersome. If we’re interested in the
stiffness of a conventional bolt we can often use a simpler expression as follows. We start,
again, with Equation 5.10.

£y

Ky = -2
BTAL

But now we use Hooke’s law to eliminate the F term.
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Hooke’s law

E = (Fp/As)/(AL/ L)
Rewriting it,

EAAL
= B
Substituting this expression for F, in Equation 5.10 gives us

EA,
L.

Kg = (5.12)

where
E = modulus of elasticity of the bolt (psi, GPa)
As = tensile stress area of the bolt (in.2, mm?)
L. = effective length of the bolt (in., mm)

This equation assumes that the stiffness of the body of the bolt is the same as the stiffness of
the threaded section—or that the bolt is fully threaded. If neither is true, Equation 5.12 is not
as accurate as Equation 5.10. Nevertheless, it’s widely used and gives us a convenient way to
approximate Kg. When we compute D the stiffness of the bolt shown in Figure 5.5 we used the
following equation:

1 o Lpe Ly

Ky EAg EA,

As you can see, this is an extended version of Equation 5.12. Like Equation 5.12, furthermore,
it doesn’t require us to compute the change in length of the bolt. Although a little more
complicated than Equation 5.12, it’s still easy to use and gives us a far more accurate estimate
of Kp than does the more common Equation 5.12.

5.2.6 ENERGY STORED IN THE BoLT

Lest we forget!—we’re interested in the bolt as an energy storage device. It can create that all-
important clamping force on the joint only as long as it retains potential energy. Although
we’ll always be interested in whether or not our bolts are “good” or “bad” energy storage
devices, we won’t often have to compute the exact amount of that energy. If we do want to
compute it, we use the following expression:

where
Fg = tension in the bolt (Ib, N)
AL = deflection in the bolt (in., mm)
PEg = the potential energy stored in the bolt (in.-lb, mm-N)

Note that if we were to plot the tension in the bolt versus its deflection as we tightened the nut,

we’d generate a curve like that shown in Figure 5.6: a straight line as long as the bolt deforms
elastically, curving over at the top if we tighten it so much that it yields (deforms plastically).
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Stored
energy

FIGURE 5.6 A plot of the tension or preload in a bolt versus its deflection. The curve will be a straight
line as long as the bolt deforms elastically. When it yields, the line becomes a curve as shown. The energy
stored in the bolt is equal to the area under the curve.

Equation 5.13 is good only for the straight-line portion of the curve; it defines the area under
that curve. We’d have to use graphical techniques, calculus, or a computer to estimate the
energy stored in a bolt that had deformed plastically—but this would still be equal to the areca
under the Fg—AL curve.

5.3 THE JOINT
5.3.1 Basic CoNCEPTS

We can also treat joint members as springs in series when we compute joint stiffness and
deflection. The loads, of course, are compressive rather than tensile, but the basic equations
are the same. For example, if we apply equal and opposite forces to a pair of blocks as shown
in Figure 5.7, the change in thickness (AT3) of the system of blocks and the spring constant
(K3) will be

F
K = _—_
VT (5.15)

where

1 1 T, T,
LI S/ I (5.16)
K K K, EA, EA

‘4_ T, — T, |
F F
—>
-——

FIGURE 5.7 Two blocks in compression.
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Preload (Fp)

Compression (T))

FIGURE 5.8 The deflection (77}) of joint members can be nonlinear levels (low Fp).

T, T
ATy = AT, AT, =F| —4+— .
] |+ AT (EA1+EA2) (5.14)
and
F
Ky =— 5.15
NT (5.15)
where

1 1 1 T, T
K K K EA EA (5.16)
Theoretically, the relationship between applied compressive force and deflection for our pair
of blocks should be linear as long as the force stays within the elastic limit of the material. In
practice, however, we will often find that the stiffness of a joint is not linear and may not be
fully elastic. Some report the preload—compression relationship shown in Figure 5.8 [1].
Others report a variety of nonlinear effects. We’ll look at some of these in Chapter 13. Before
we consider these complexities, however, it is useful to review the “classical” theories, which
have been used to evaluate joint behavior in the past. Although simplified, they are often used
as a basis for more complex theories. They’re also good enough for many applications. So
let’s take a look at them now.

5.3.2 COMPUTING JOINT STIFFNESS

We assumed a simplified, equivalent body shape for a bolt, to make routine calculations
of stiffness and deflection less complicated. We have to do the same sort of thing for
the joint.

That portion of the joint which is put in compressive stress by the bolt can be described as
a barrel with a hole through the middle, as suggested in Figure 3.3. Some workers, therefore,
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FIGURE 5.9 Equivalent shapes, substituted for joint members in calculating joint stiffness and
deformation.

have substituted an “equivalent barrel” for the joint [4], but more common substitutions are
hollow cylinders [1] or a pair of frustum cones [5] as in Figure 5.9.

5.3.2.1 Stiffness of Concentric Joints

A discussion of eight proposed ways to estimate the stiffness of a hard (non-gasketed) joint is
given by Motosh [4]. The equivalent cylinder approach is described at length by Meyer and
Strelow [1]. Unfortunately, each of these techniques assumes that

1. Joint behavior will be linear and fully elastic.

2. There is only one bolt in the joint and it passes through the center of the members
being clamped together (this is called a “concentric” joint).

3. The external load applied to the joint is a tension load and it is applied along a line
that’s concentric with the bolt axis.

Your own experience, I'm sure, will tell you that limitations 2 and 3 are substantial ones
and mean that these equations and recommendations may not apply—at least not very
accurately—to many of the joints with which we will be dealing. They’re our only choice at
the present state of the art, however, except as noted below. At least they’re our main
“theoretical” choice. If the approximations they give us aren’t good enough, we have to
determine joint stiffness experimentally.

We will use the equivalent cylinder approach, in this book, to estimate stiffness. This
involves the general equation

 EAc

K; T

(5.17)

where
K; = stiffness of joint (Ib/in., N/mm)
E = modulus of elasticity (psi, MPa)
Ac = cross-sectional area of the equivalent cylinder used to represent the joint in stiffness
calculations (in.?, mm?)
T = total thickness of joint or grip length (in., mm)

Note the similarity of this equation to Equation 5.12. The big difficulty here is A¢, the cross-
sectional area of the equivalent cylinder. The equations we’ll use for A¢ are summarized in
Figure 5.10. Note that there are three different equations, depending on the diameter of
contact (Dg) between the bolt head (or washer) and the joint, and its relationship to the
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outside diameter of the joint (Djy) [1,7]. If the joint has a square or rectangular cross section,
its diameter is the length of one side (or of the shortest side of the rectangle). Dy is the
diameter of the hole.

5.3.2.2 Stiffness of Eccentric Joints

Most bolts don’t run through the centerline of the joint or external tension loads don’t align
themselves with bolt axes. If the bolt, load, or both lie away from the joint centerline, the joint
is called “eccentric”” and our choice of stiffness equations is diminished still further. The
German engineering society, Verein Deutscher Ingenieure (VDI), however, has published
equations that can be used to estimate the stiffness of eccentric joints as long as the cross-
sectional area of that portion of a joint which is loaded by one bolt is not much larger
than the contact area between bolt (or nut or washer) and joint [7]. With reference to
Figure 5.11, the area we assume to be loaded by the bolt is A;. The stiffness equations
which follow assume that

Ay=bx W if W < (Dg+ Tmin) (5.18a)
Ay=bx (Dg+ Thin) if W >(Z>u+ Tin) (5.18b)
if Dg 2 D
o (5.19)
then Ac = % (D2 — D)
if Dg<Dy < 3Dg
and T<8D
then
AC:%(DBQ_ DHZ) (520)
+ l(& _|) (Eﬂ + E)
o \Dg 5 100
if Dy >3Dg; and T < 8D
then
2 5.21)
_n TY _ o2 (
o5 [ o]

FIGURE 5.10 Equations used to compute the stiffness of concentric joints using the equivalent cylinder
method. We’ll call this stiffness K.
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Ay=bX (Dg+ Tpip) if W>(Dg+ Trin) (5.182)
Aj=bXW if W= (Dg+ T (5.18b)
- | ———>
| CJ
Ly | :
!
)
T E * Tenin
T N
l | Aj=bXW
I
i C,] where W < (Dg+ Toir)
LX N
T ]
Co and b= (Dg+ Trin)
if t> (DB+ Tmin)
or b=t
if t < (Dg * Thin)

FIGURE 5.11 Sketch of an eccentric joint. The shaded are, b x W, can be considered that portion of the
joint interface which is loaded by a single bolt. See text for the equations used to estimate this area, Aj.

In each case

if 7 < (Dg+ Thin)

b=t
b= (DB + Tmin) if > (DB + Tmin)

where
W, t, b, and Ty, are illustrated in Figure 5.11 (all in in., mm)
Dy = diameter of contact between bolt head (or washer) and the joint (in., mm)
Dy = diameter of the bolt hole (in., mm)

If joint dimensions exceed the limits suggested above (for W), the equations given in Figure

5.12 don’t apply. If the joint satisfies the limitations, then its stiffness may be estimated from
the equations given in Figure 5.12,
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T K= (5.22)

~
<_H>< r
O
a3
|
x| -
()
—
L9,
NP
>la
S~———

(A)
LX a“ CJ
1
~i s K= — (5.23)
I r
° | | where
L :
| | Lo saAg
' VUK, VT RA
i Je G
I
(®) Lx

FIGURE 5.12 Equations used to compute the stiffness of eccentric joints when the line of action of the
external load (Lx) coincides with the bolt axis (A) and when it does not (B).

where
C; = centerline of joint
Lx = external load (Ib, N)
A = distance between external load and joint centerline (in., mm)
s = distance between bolt axis and joint centerline (in., mm)
Ac = cross-sectional area of equivalent concentric cylinder (see Figure 5.10) (in.%, mm?)
= stiffness of equivalent concentric cylinder (see Figure 5.10) (Ib/in., N/mm)
K; = stiffness of eccentric joint (1b/in., N/mm)
r'¢ = resilience of eccentric joint when load and bolt are coaxial (in./Ib, mm/N)
r'"y = resilience of eccentric joint when load and bolt fall along different axes (in./lb, mm/N)
R = radius of gyration of joint area Ay (in., mm)
Ay = cross-sectional area of joint (see Figure 5.11) (in.?, mm?)

For reference, the radius of gyration for a square cross section is [§]
Rg = 0.289d (5.24)

where d = length of one side.
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For a rectangular cross section it is
Rg = 0.289d (5.25)

where d = length of the longer side.

For a circular cross section it is
Rg = 0.25d (5.26)

where d = diameter of the circle.

5.3.3 STIFFNESS IN PRACTICE

Experience shows that the stiffness of a “typical” joint (whatever that may be) is about five
times the stiffness of the bolt that would be used in such a joint. Very thin joints—sheet
metal and the like—will be substantially stiffer, although the stiffness of the bolt will also
increase rapidly as it gets shorter, as suggested in Figure 5.13. In this figure, incidentally, we
have used the equivalent cylinder approach to estimate the possible stiffness of a concentric,
hard joint.

5.3.3.1 A Quick Way to Estimate the Stiffness of Non-Gasketed Steel Joints

Here’s another way to use Motosh and VDI data to estimate the stiffness of a non-gasketed
steel joint. Both sources have published charts on which are plotted the joint-to-bolt stiffness
ratio (Kj/Kp) as a function of the bolt’s slenderness ratio L/D, where L = the effective length
of the bolt and D = nominal diameter.

Figure 5.14 shows a combined version of the published data for slenderness ratios
varying from 1:1 to 16:1. The straight line represents the Motosh data; the curved line
is from VDI. As you can see, they’re in good agreement above a slenderness ratio of about 4:1.

Figure 5.15 shows a similar plot for thinner joints, with L/D ratios of 1.2:1 or less [9].
Projections of the lower end of the VDI and Motosh curves are also shown in Figure 5.15,
showing that the agreement in the data for thin joints is less than perfect. Nevertheless, for
any slenderness ratio, this is the best information I’m aware of.

These curves can be used to estimate joint stiffness as follows:

1. Use Equation 5.10 or 5.12 or a version thereof to compute the stiffness of your
bolts (Kp).

2. Compute the L/D ratio of your bolt, using the effective length (Lye + L) for L.

3. Use Figures 5.14 or 5.15 with your L/D ratio and find the corresponding Kj/Kp
stiffness ratio.

4. Multiply the Kg computed in step 1 by the Kj/Kp ratio to estimate Kj.

Note that the data in Figures 5.14 and 5.15 is good only for steel bolts used in non-gasketed
steel joints. If your joint is made of something else, complete the above steps and then modify
the estimate of stiffness as follows.

E
! _ m
Ky = K1730 <106 (5.27)
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Bolt stiffness, Kg (Ib/in. X 106)

50

40 -

20 -

Joint stiffness, K (Ib/in. x 108)

10 |

0 1 2 3 4 5
Grip length, Lg (in.)

FIGURE 5.13 Stiffness of ¥%-16 bolts (Kg) and of the joints (Kj) they must be used in. Bolt hole to joint
edge distance has been assumed constant at 1.25 in. Note 10:1 difference in vertical scale.

where
K; = stiffness of a steel joint as estimated from the procedure above (Ib/in., N/mm)
Ky = stiffness of the same joint, but made from an alternate material (Ib/in., N/mm)
E,, = modulus of elasticity of the alternate material (psi, MPa)

Egeel = modulus of the steel joint material (psi, MPa)
5.4 GASKETED JOINTS

We’ve analyzed both the bolt and the joint as groups of springs in series. In such an
arrangement, if the stiffness of one spring is substantially less than the stiffness of the others,
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Stiffness ratio (K/Kg)

0 5 10 15
Slenderness ratio (L/D)

FIGURE 5.14 Plots of experimentally determined joint-to-bolt stiffness ratio.

the “soft” one will dominate the behavior of the group. Minor changes in the stiffness of
springs A and C in Figure 5.16, for example, won’t have much influence on the overall
deflection of the train of springs under applied load F. By the same token, changes in the
applied force will create a much larger change in the deflection of spring B than it will in

the deflection of A or C.

Gaskets are relatively soft bodies compared to other joint members; they have to be in
order to do their job of plugging leak paths. As a result, the stiffness of a gasketed joint is
essentially equal to the stiffness of the gasket. This creates fatigue and other problems, as we’ll

3.0

25

2.0

1.5

1.0

Stiffness ratio (K)/Kg)

0.5

VDI A—
Motosh
02 04 06 08 10 12 1.4

Slenderness ratio (L/D)

FIGURE 5.15 Plot of stiffness ratio versus slenderness ratio for thin joints. These data, like those shown
in Figure 5.14 can be used to estimate the stiffness of non-gasketed joints, as explained in the text. The
lower ends of the VDI and Motosh curves of Figure 5.14 are repeated here for comparison.
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Torque

AT

— —

A6

Turn

FIGURE 5.16 This curve shows the typical relationship between applied torque and the turn of the nut
when a bolt is tightened (see Chapter 8). The middle portion of the curve is usually an approximately
straight line. A change in torque (A7) along this straight line, and the corresponding change in angle
(A6), can be used to estimate the stiffness of the joint, as explained in the text.

see in later chapters. And this is true, incidentally, even if the deformation of the gasket is
basically plastic, rather than elastic, as is often the case.

The force-deflection behavior of a gasket is strongly nonlinear and irreversible (the
gasket exhibits hysteresis and creep). Its stiffness, therefore, varies as it is loaded and then
unloaded. In estimating joint behavior we would be interested in the gasket’s behavior as it is
unloaded (by pressurizing the vessel, for example, and partially relieving the joint. All of this
complicates the analysis of gasketed joints. You’ll find a complete discussion in Volume 2 of
this text.

5.5 AN ALTERNATE WAY TO COMPUTE JOINT STIFFNESS

Shoberg and Nassar [11] have shown that the stiffness of the joint and the stiffness ratio can
be determined in an experiment that measures the torque applied to the nut and the angle
through which the nut turns as it is being tightened through the straight-line portion of the
torque—turn curve shown in Figure 5.10, 6.3, or 8.1. The equation they have derived is

K; = (AT/A0)/[(KDPKy /360) — (AT /A6)] (5.28)

where
P = pitch of the threads (in., mm)
AT = increase in the torque applied to the nut (Ib-in., N-m)
A6 = resulting increase in turn of the nut (degrees)
K = nut factor defining the torque to preload relationship (see Chapter 7)
D = nominal diameter of the fastener (in., mm)
Kg = stiffness of the bolt (Ib/in., N/mm)
K; = stiffness of the joint (Ib/in., N/mm)
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I'll give the derivation of this equation in Chapter 8, where we’ll take a close look at the
torque—turn behavior of the joint during assembly.

5.6 JOINT STIFFNESS RATIO OR LOAD FACTOR

Now that we know how to compute or estimate the stiffness of the bolts and of the joint
members we’re ready to use this data to compute an important design factor called the
“joint stiffness ratio” of the bolted joint. Note carefully that this is not simply the bolt-to-
joint stiffness ratio; it’s more complicated than that. In this book, and in much of the bolting
literature, this ratio is expressed in terms of the stiffness of the joint elements, or

- Ks + K

Dy (5.29)

where
® = joint stiffness ratio or load factor (a dimensionless constant)
Kg = stiffness of the bolt (Ib/in., N/mm)
K; = stiffness of the joint material around a bolt (Ib/in., N/mm)

In other places, for example, in the German VDI Directive 2230 [10], the stiffness ratio,
called a “load factor,” is expressed in terms of the resilience of the parts. Resilience is the
reciprocal of stiffness (i.e., r = 1/K), so

}‘j

(I) =
K s + I

(5.30)

dx = joint stiffness ratio or load factor (a dimensionless constant)
rs = resilience of the bolt (in./Ib, mm/N)
rj = resilience of the joint (in./Ib, mm/N)

We’ll see how to use this ratio or load factor in Chapter 10 and in the various chapters
devoted to the design of the joint.

5.7 STIFFNESS—SOME DESIGN GOALS
5.7.1 ENERGY STORED IN THE JOINT MEMBERS

Once again we could plot a curve showing the relationship between the deflection of the
joint and the clamping force on it, as in Figure 5.17; and once again the energy stored in
this “spring” is equal to the area under the curve. Theoretically that curve will consist of a
straight line with a curve at the upper end if the joint members—or gasket—start to deform
plastically. As suggested in Figure 5.8 and as we’ll see in more detail in Chapters 11 and 16,
this picture is a very much simplified illustration of the actual behavior of the joint spring,
especially if this is a gasketed joint; but Figure 5.17 can be taken as a first approximation and
is used in most cases to analyze the behavior of a bolted joint. For more information about
the design of gasketed joints see reference [12] or Volume II of this text. We’ll use it, for
example, in Chapter 11 when we first look at the response of a bolted joint to tensile loads,
and in Chapter 18 when we learn how to design a non-gasketed joint.
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FIGURE 5.17 A plot of the deflection of the joint members as a function of the clamping force exerted
on the joint by the bolts. The plot shown here assumes that joint deflection is linear as clamping force
starts to build up, then becomes nonlinear when the joint yields and starts to deform plastically. This
assumption is often used for design purposes but doesn’t reflect the fact that the true deformation curve
of the joint is nonlinear throughout, especially if the joint contains a gasket.

So now—in Figures 5.6 and 5.17—we have pictures of the energy stored in both bolts and
joint members. How do we use this information? The answer: we use it only to remind
ourselves that stiffness is an important design consideration—because it affects the amount
of energy stored in the bolt—joint system. The more energy we can store there, the more ab