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PREFACE

To design steel structures efficiently, the designer must know steel as a struc-
tural material; understand how structures are assembled and braced, and how
they sustain and transmit loads; know design philosophies and processes;
and learn the proper selection of connectors and connections. The structure
of the Load and Resistance Factor Design Specification (LRFDS) developed
by the American Institute of Steel Construction (AISC) especially requires
that designers have a better understanding of structural behavior since the
different limit states of failure must be identified as an integral part of the
design process.

The heart and soul of design is the ability for the designer to conceive a
structure that will behave as desired and to develop an intuition regarding dif-
ferent framing options. In each chapter of Steel Structures: Behavior and
LRFD, discussion of theory and the behavior of the member under the vari-
ous combinations of loads it must resist is followed by a discussion of design
applications according to the LRFDS. Practical, fabrication, and erection
constraints are indicated where required.

. Chapter 1 includes a brief description of several steel projects recently
built in Milwaukee and elsewhere, so as to develop an interest in stu-
dents to inspect existing steel structures in their own locality and to
visit steel structures under fabrication and erection.

. Chapter 2 presents steel as a structural material. Topics covered
include making structural steels, forming steel shapes, tension tests,
residual stresses, corrosion, and painting of structural steels.

. Chapter 3 is a broad introduction to various types of structures (tier and
industrial buildings), structural elements (tension members, compression
members, beams, beam-columns, and connections), and structural com-
ponents (walls, roofs, decking, bracing systems, diaphragms, etc.).

. Chapter 4 gives the various kinds of loads acting on building struc-
tures, as per the ASCE Standards 7 (dead loads, live loads, and wind
loads are covered in detail. A brief introduction to snow loads and seis-
mic loads is also given). Probabilistic bases of the LRFD specification
are briefly described. Load factors, load combinations, and resistance
factors are introduced.

. Chapter 5 gives simple examples on the calculation of required strengths
of typical members of a 4-story, braced multi-story office building and of
an unbraced, hinged base portal frame using ASCE Standards 7. These
members are designed in later chapters of the book.

xiii



Xiv

Preface

. Chapter 6 covers the behavior and design of connectors used in steel
structures (bolts, welds, and pins). Information from the 2000 Specifica-
tion for Structural Joints Using A325 and A490 Bolts by the Research
Council on Structural Connections (RCSC) is included.

. Chapter 7 treats the behavior and design of tension members.
. Chapter 8 covers the behavior and design of axially loaded columns.
. Chapter 9 considers the behavior and design of adequately braced com-

pact beams. Also covered here are the design of bearing plates for beams
and base plates for columns, treated as examples of members in flexure.

. Chapter 10 is concerned with the design of laterally unbraced beams.

. Chapter 11 treats members under combined forces including beam-
columns and biaxially bent beams.

. Chapter 12 systematically discusses behavior and design of bolted and
welded joints.

. Chapter 13 covers the design of simple-shear connections and moment
connections.

How to Use This Book

There is more material in this book than can be covered in a one semester
course on steel design to allow the instructor sufficient flexibility in the selec-
tion of topics. The book can readily be made to fit courses of different lengths
and of different content and objectives. The complete text was prepared with
the purpose of offering sufficient material for a one-semester (3-credit) under-
graduate, junior/senior level first course in steel design for civil engineering
students, and a one-semester (3-credit) undergraduate/graduate level course.
As the title Steel Structures: Behavior and LRFD suggests, the book covers
not only design but the behavior on which the design specifications are based.
Many of the sections that cover behavior are placed on our website (www.
mhhe.com/vinnakota), so as not to overwhelm a student taking the first course
on steel design. These topics are typically covered in Steel Design 2 (elective
undergraduate/graduate) and Advanced Steel Design (graduate level) courses.
Steel Structures: Behavior and LRFD is unique in that it has five introduc-
tory chapters (one each on steels, structures, loads, and required strengths, in
addition to Chapter 1: Introduction). The coverage of loads in Chapter 4 is added
to impress upon students that, in the design process, more errors are committed
in the determination of loads and required strengths than in the calculation of
design strengths. Chapter 5 on required strengths is added to clearly indicate the
complementary nature of analysis and design procedures in the overall iterative
process of designing new structures. The required strengths for members of two
structures, determined in this chapter utilizing procedures usually learned in
analysis courses, are used in later chapters of the book to design these members.
The book is also unique in that it has three large chapters (6, 12, and 13)
devoted to connections. Connections are the most important and the least under-
stood components of steel structures. Also, the economy of a steel structure
often depends on the proper choice of connections. Further, the choice of the
connectors and connections influences the type and magnitude of forces acting



on a member. For these reasons, the introductory chapter on connectors,
Chapter 6, is placed before the chapters on member design (Chapters 7 to 11).

Each chapter includes a number of example problems which are presented
with more complete details than would be required by an experienced designer.
Often these examples are selected so as to bring to the attention of the student
certain design criteria, or to arrive at certain design tips, usually given as a set
of remarks at the end of the solution. In addition, there are several design prob-
lems of members and connection elements for which the required strengths are
obtained in Chapter 5. These examples help show structural members as com-
ponents of real-world structures rather than as isolated elements. The author
believes that in this way the student will better learn the fundamentals of the
design procedure and the sequence of the calculations involved than if they are
presented as isolated examples. A large number of problems for assignment are
included at the end of each chapter to enable the student to test his or her mas-
tery of the subject. It is absolutely necessary that students have a copy of the
third edition AISC Manual of Steel Construction: Load and Resistance Factor
Design as reference is made throughout the text to various requirements of the
LRFD Specification and the tables in the LRFD Manual.

It has been my experience that students who rely on computer programs
prepared by others, in a first design course, do not develop a capacity for crit-
ical evaluation of the resulting output. Thus, no attempt is made to include
any computer software with this text. The present text uses T to represent
axial force in a tension member, P to represent axial force in a compression
member, B to represent force on a single bolt, and W to represent the force
on a unit length weld, etc., with various subscripts added as appropriate.
Thus, B, represents the design strength of a bolt, B, represents the design
bearing strength of a bolt, B, represents the design bearing strength of an
end bolt, and so on. Most of these notations are obvious.

My own experience as an engineer and teacher on three different conti-
nents (English units only; metric units only; and U.S. customary units only)
indicates that first design courses and textbooks are better if limited to a sin-
gle system of units only, in order for the student to get a feel for the results
to be expected from the design process. Although metrication is inevitable
and will likely be the only basis of future AISC Specifications and Manuals,
the change has not yet taken place in the steel construction industry. The
present text is, therefore, only in U.S. customary units.

Website

The website that accompanies Steel Structures: Behavior and LRFD
(www.mhhe.com/vinnakota) contains a host of resources to complement the
text. Web features include:

. Extensive ‘“Additional Information” sections. These sections are
integrated throughout the text and can be easily spotted by looking for
our marginal website icon. These are web-only bonus chapters, cov-
ering advanced topics.

mm
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. A downloadable list of important equations. This is a handy refer-
ence guide for students.

. A comprehensive list of symbols used throughout the text.

. Flowcharts for some of the basic analysis and design procedures. They
may be used to guide the student through the steps of a particular
analysis or design problem.

. Tips for instructors on “Suggested Ways to Use This Book.”

. Historical insight into the development of the technical specifications
governing the structural steel industry.

. A solutions manual, available to instructors only, which provides

detailed solutions for most of the text problems.
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TABLE 6.8.2

Design Bearing Strength at STD End Bolt Holes, B, for Various End Distances
(kips/in. thickness)
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Specifications and the LRFD Manual 1%
are used and extensively referenced %
3 ]
throughout the text. Where appropriate, %

additional design aids are provided.

By, = min (B By le By, = 18 E 60 By, = 09(L, — OSd)F, 1
d = nominal diameter of bolt. in: d, = diameter of bolthole = d + 1y, in, for STD punched holes considered
8,, = design bearing strength at an end bolt hole: £, = end distance. in.: ¢ = plate thickness = 1 in.

B, = strength comresponding 1o ovalization of bolt hole: B, = strength corresponding 1o shear tear-out of plate

Design strengths controlled by ovalization of bolt hole are shown shaded

Numerous worked-out example problems
emphasizing the application of design .
concepts are included. |
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Four hundred and fifty carefully drawn figures of
structural systems, members, and bolted and welded joints
illustrate the text, and photographs of real-world ==
illustra p grap i -

construction projects are included.

Throughout the text, a web icon references
readers to the book’s website
(http://www.mhhe.com/vinnakota), which
contains extensive additional coverage of
advanced topics.
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Web Chapter 9
Adequately Braced Compact Beams
W9.2: Open Web Steel Joists and Joist Girders

Web Chapter 12

Joints and Connecting Elements
m W12.1: Ultimate Strength Method for Bolted Joints
| ’ in Eccentric Shear

Our website contains additional
resources for both instructors and

For instructors, a comprehensive solutions manual as well as tips on
how best to use the text for your course.

For students, a comprehensive list of equations, a detailed list of
symbols, and several flowcharts.

students.
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NLY USED SYMBOLS

A area of the cross section; area, in.’

A, nominal unthreaded body area of bolt or threaded rod, in.?

A, effective net area of tension member, in.”

A, gross area of one flange, in.’

A, gross area, in.?

A, gross area subject to tension (limit state of block shear rupture), in.?

A, gross area subject to tension (limit state of block shear rupture), in.’

A, net area of tension member, in.>

A, net area subject to tension (limit state of block shear rupture), in.>

A, net area subject to shear (limit state of block shear rupture), in.”>

A, area of beam web. in.?

B, B, magnification factors used in determining second-order moment for combined
bending and axial compression when first-order analysis is employed

B, design strength of a bolt, kips

B, design bearing strength of a bolt, kips

B,, design bearing strength of an end bolt, kips

B, design bearing strength of an interior bolt, kips

B, design bearing strength of connected plate element for the limit state of ovalization of
bolt hole, kips

e design bearing strength of an end bolt for the limit state of shear tear-out of connected

plate element, kips

B, design bearing strength of an interior bolt for the limit state of shear tear-out of
connected plate element, kips

B, design shear strength of a bolt, kips

" nominal strength of a bolt, kips

BF beam factor

C, bending coefficient dependent on moment gradient for lateral-torsional buckling
strength of beams

C, design strength of connectors in a joint, Kips

<, design bearing strength of connectors in a joint, kips

Cu design shear strength of connectors in a joint, Kips

C, coefficient applied to bending term in interaction formula for prismatic members and
dependent on column curvature caused by applied moments

C, warping torsional constant of a cross section, in.®

D dead load: fillet weld size in sixteenths of an inch

E earthquake load

E modulus of elasticity or Young’s modulus (= 29,000 ksi for steel)

E strain hardening modulus, ksi

E tangent modulus, ksi

Fou nominal strength of the base material to be welded, ksi

Fuw classification number of weld metal (minimum specified ultimate tensile stress)

F, smaller of (F —f) or F . ksi

F, critical stress, ksi

F, elastic buckling stress, ksi

F, elastic flexural buckling stress about the major axis, ksi

Fﬁ elastic flexural buckling stress about the minor axis, ksi

F, compressive residual stress in flange (10 ksi for rolled shapes: 16.5 ksi for built-up

shapes)
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specified minimum ultimate tensile stress of the type of steel being used, ksi
ultimate tensile stress of bolt material, ksu

nominal strength of the weld electrode material, ksi

specified minimum yield stress of the type of steel being used, ksi

ultimate shear stress, ksi

shear yield stress, ksi

shear modulus of elasticity (= 11,200 ksi for steel)

relative stiffness factors at ends A and B of a column

horizontal force, kips

impact factor; moment of inertia, in.*

moment of inertia of a column, in.*

moment of inertia of a girder, in.*

moment of inertia about the x- or y-axis, respectively, in.*

polar moment of inertia, in.*

torsional constant for a section, in.*

effective length factor for a column

effective length factor for flexural buckling about .x axis and y axis

effective length factor for torsional buckling

live load due to occupancy

story height or panel spacing; span

laterally unbraced length; length between points which are either braced against
lateral displacement of compression flange or braced against twist of the cross
section

clear distance, in.

clear distance for an end bolt, in.

clear distance for an interior bolt, in.

length of connection in the direction of loading, in.

end distance of a bolt measured in direction of line of force; edge distance, in.
limiting value of end distance above which limit state of bolt ovalization controls
bearing strength, in.

length of longitudinal weld, in.

length of transverse weld, in.

limiting laterally unbraced length for full plastic bending capacity, uniform moment
case (C, = 1.0), in.

limiting laterally unbraced length for plastic analysis, in.

limiting laterally unbraced length for inelastic lateral-torsional buckling, in.

roof live load

side distance of a bolt measured perpendicular to line of force, in.

length of fillet weld, in.

bending moment

absolute value of moment at quarter point of the unbraced beam segment, in.-kips
absolute value of moment at centerline of the unbraced beam segment, in.-kips
absolute value of moment at three-quarter point of the unbraced beam segment, in.-kips
elastic lateral-torsional buckling moment of a beam or a beam segment

elastic lateral-torsional buckling moment of a beam or beam segment under uniform
moment

maximum first-order factored moment in a beam-column due to lateral frame
translation only

nominal bending strength of a member
design bending strength of a member
design bending strength of a beam segment under uniform moment, for Lp <L, =L
design bending strength of a beam segment under uniform moment, for L, > L,
absolute value of the maximum moment within the unbraced length (including the
end points)

Most Commonly Used Symbols

xxi
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maximum first-order factored moment in a beam-column assuming there is no lateral
translation of the frame

plastic bending moment of a section

bending moment in a section when the extreme fiber stress reaches (F - F))
required bending strength of a member under factored loads

required flexural strength of a beam-column under factored loads, including second-
order effects

equivalent factored uniform moment capacity for the segment considered

moment corresponding to onset of yielding at the extreme fiber from an elastic stress
distribution (= F_§ for homogeneous sections)

smaller moment at the ends of a laterally unbraced segment of a beam or beam-column
larger moment at the ends of a laterally unbraced segment of a beam or beam-column
number of shear planes in a joint

critical buckling load

design strength of an axially loaded column, kips

Euler buckling load

elastic buckling load

elastic buckling load used in the determination of magnification factor B, kips
elastic buckling load used in the determination of magnification factor B,, kips
nominal strength of an axially loaded column, kips

axial force under factored loads; required axial strength of a column, kips
equivalent axial load used in selecting a trial shape for design of a beam column
yield (squash) load of a section, (= F A ), kips

concentrated transverse load on a member, kips

first moment of area in shear flow formula, in.*

rain load

nominal strength

elastic section modulus, in.*; snow load

specified pretension load in high-strength bolt, kips

design strength of a tension member, Kips

nominal strength of a tension member, kips

factored tension load, required tensile strength due to factored loads, kips

reduction factor to account for shear lag

shear

design shear strength, Kips

nominal shear strength, Kips

shear force under factored loads, kips

wind load

design strength of a | in. long fillet weld

plastic section modulus, in.?

compression element width perpendicular to load direction, in.

flange width. in.

distance from neutral axis to extreme fiber where flexural stress is computed
nominal bolt diameter, in.: d overall depth of member, in.

beam depth, in.

column depth, in.

effective width of bolt hole, in.

diameter of bolt hole, in.

distance between the center of gravity of an element, i of a cross section to the center of
gravity of the cross section (for use in parallel axis theorem)

base of natural logarithm = 2.71828; eccentricity of load

computed compressive stress

specified 28-day compressive strength of concrete, ksi
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transverse center-to-center spacing (gage) between bolt gage lines, in.
clear distance between flanges less the fillet or corner radius for rolled shapes; and for
built- up welded sections, the distance between flanges, in.

distance from outer face of flange to web toe of fillet; plate buckling coefficient
pitch of bolts, in.

limiting value of pitch above which limit state of bolt ovalization controls bearing
strength, in.

uniformly distributed transverse load on a member, kIf

shear flow, kli

radius of gyration, in.: radial distance

radius of gyration about x and y axes. respectively, in.

staggered pitch, in.

thickness of element, in.

flange thickness. in.

web thickness, in.

leg size of fillet weld. in.

subscript relating symbol to member strong axis

x-coordinate of center of gravity

connection eccentricity. in.

subscript relating symbol to member weak axis

y-coordinate of center of gravity

subscript relating symbol to member longitudinal axis

shape factor

load factor

deflection

sway

translation deflection of the story under consideration, in.

strain

yield strain

Poisson’s ratio (= 0.3 for steel); coetficient of static friction; mean slip coefficient for
slip- critical connections

stiffness reduction factor

slenderness parameter

column slenderness parameter

limiting slenderness parameter for compact element

limiting slenderness parameter for the flange of a compact I-shape
limiting slenderness parameter for the web of a compact I-shape
limiting slenderness parameter for noncompact element

resistance factor

resistance factor for flexure (= 0.90)

resistance factor for compression (= 0.85)

resistance factor for tension

resistance factor for shear (= 0.90)

Most Commonly Used Symbols



