El

e oy

T Tl

™
o

I e

= specifted 28-day compressive strength of concrete

tactored nermal {compression or iension) stress
nominal tension stress at factored load. R../A;
nominal shear stress at factored load. R, /A,
service load shear stress, R/A, or /A, (bolis)

= service load shear flow (kips/in.j(Sec. 11.11)

allowable service load axial stress in ASD. Egs. 6.7.9 or 6.7.10

allowable bending stress M/S in ASD at service load, bending about the x- or ¥y-axis according to the
second subscript

critical stress in compression: buckling stress

Eg. i2.14.11

weld metal tensile strength

= residual stress

i

factor of safety

tensile strength of structural steel: tensile strength of base metal (Chap. 3)

tensile strength of bolt materiai

design stress limit on R /A, in tension on bolt subject to combined shear and tension. values in Table 4,14, |
allowable shear stress (for ASD)

allowable shear stress in the presence of tension (slip-critical conrections)

allowable tension stress in bolt

yield stress; for beam flange. F4: for column web, £+ for flange, F,; for longitudinal reinforcing bars, F,,

for stiffeners. £, for tension flange, F,: for web or weld metal. Fo

= gage distance for fastener holes measured transverse to direction of load

shear modulus of elasticity, £/[2(1 + ]

unsupported web height (For unsymmetrical sections it relates to the compression side of the neutral axis.)
(See LRFD-BS.1); overall depth (Fig. 6.13.1; distance between centers of flanges (Chap. 8); depth of web
pPlate (Chap. 11): story height (Chaps. 14 and 15)

twice the distance from the neutral axis to the inside face of the compression flange less the fillet or corner
radius

= factored lateral force causing sway deflection

moment of inertia, about the - or ¥-axis, respectively

moment of inertia of one flange about v-axis {Chap. 8)

girder moment of inertiu (Chaps. 14 and 15)

polar moment of inertia about shear center

moment of inertia of the cross-sectional ares of a transverse stiffener as defined following Eq. 11.11.11
transformed cracked section moment of inertia of composite section (Chap. 16)

product of inertia, fxvdA (Sec, 7.10)

= torsion ¢onstant

VP/ENSecs. 6.2 and 12,2y distance from outer face of fange o web we of fillet (Sec. 7.8): plate buckling
coefficient. Eq. 6.14.28: spring constant (Sec. 9.13); spring constant = 3P, /k, Eq. 14.59

= coeflicient in A, for welded I-shape, 4/V /i, ¢ Tables 7.4.1 and 9.6.2)

coefficients relating to fillet weld strength, Eqgs. 5.17.4 and 5.17.7

effective length factor (Sec. 6.9). with respect 1o the x-, v-, or z-axes, respectively

madified effective length factor used in design of column supporting a “leaner’ coluinn, Eq. 14.5.11
length: span

laterally unbraced lengzh

- ASD: maximum lateraliy unbraced length for using £, = 0.66F,

end distunce measured in direction of line of force (Chap. 4)

LRFD: maximum lateruily unbraced length for using M, = M, Eq.9.6.3
LRFD: maximum laterzlly unbraced length for using plastic analysis, Eq. 9.6.2
LRFD: maximum laterally unbraced length for using &7, = M,
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= ASD: maximum laterally unbraced length for using aliowable stress F, = 0.60F when & = |1

= length of {illet weld

= number of shear planes {Chap. 4); uniformly distributed service load torsional moment (Chap. 8}

= factored uniformly distributed torsional moment (Chap. 8)

= hending moment: service load moment (unfactored) for ASD

smaller moment M, and larger moment M, at the ends of a laterally unbraced segment

moment (absolute vatue) at 1 /4. 1/2. and 3/4 points, respectively. of laterally unbraced segment. Eq. 9.6.11
elastic lateral-torsional buckling moment strength

= gquivalent constant moment. C,, M, for beam-column in braced frame subject to end moments M, and M,
only (Sec. 12.4) .

= lateral bending moment on one flange. (EC, /h)(d-d/d:™)

= primary bending moment from first-order analysis

= first-order moment in sway analysis under #, force

= maximum moment in the unbraced segment (Sec. 9.6)

It

I

Il

= nominal moment strength

= pominal moment strength in the presence of shear

= primary factored mointent for the no translation case of beam-column

= pominal moment strengths about x- and y-axes, respectively (Secs. 7.11 & 9.14}

= plastic moment strength, ZF,, with respect to the x- and v-axes, according to second subscript

= moment strength when extreme tiber reaches (F, — F))

= pure torsional moment (St. Venant torsion) (Chap. 8)

= factored service load moment, about the x- or y-axes, according to second subscript

= equivalent factored bending moment on beam-column

= factored moment on one flange

= warping torsienal moment (fateral bending ctfect) (Chap. 8)

= moment about r-axis; bending moment from stress o, (Sec. 6.14)

= torsional moment from shear stress 7., (Sec, 6.14)

= bending moment from stress o, (Sce. 6.14); moment abour y-axis when biaxial bending is being consid-
ered (Chupters 8 and 9: Sec. 12.9); nominal moment strength M, when extreme fiber reaches F.. F.5,
{except for biuxial bending)

= hending moment or torsional moment at a location  along uxis of member; for torsion, M, = M, + M,

= modulus of elasticity ratio, £./E ;. number of fasteners (Chap. 4)

= bearing length (Sec. 7.8}

= pitch (spacing) of bolts; connector spacing (Chap. 16)

= service axial load; factored load per bolt (Chap. 4)

= design strength of column web to resist a concentrated factored load

= ¢ritical buckling load; compression force at buckling

= Euler load = 7 £A,/(KL/F)" [or axis of bending {using two subscripts for biaxial bending)

= Euler load = 77 EA, /AKL/ry* for axis of bending, for use with magnification factors 8, and B, according
to the second subscript

= ASD: equivalent column load for beam-column

= nominal strength of an axially loaded compression member, £,,A, 2 nominal sirength of weld configuration
(Fig. 5.17.2)

= factored axial load (Sec. 1.9): factored reaction or load

= LRFD: equivalent factored celumn load for beam-column

= yield load. F A (Chap. 12)

= distance from shear center to mid-thickness of web on chanoel (Chap, 8)

= form Factor. (2,0, (Sec. 6.18): first momem of area (i.e.. statistical moment [ vefA) about the neutral axis from
extreme fiber 10 section at which elastic shear siress is computed. (see Sec. 7.7)

= shape factor tor stiffened compression element (Sec. 6.18)

= moment of area of one-half flange about v-axis (Sec. 8.5)
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Preface

The publication of this fourth edition reflects the continuing changes occurring in design
requirements for structural steel, particularly the first significant updating by the Ameri-
can Institute of Steel Construction (AISC) of the Load and Resistance Fuctor Design
{LRFD) Specification for Structural Steel Buildings.

Design of structural steel members has developed over the past 95 years from a
simple approach involving a few basic properties of steel and elementary mathematics, to
a sophisticated treatment demanding a thorough knowledge of structural and material
behavior. Present design practice utilizes knowledge of mechanics of materials, structural
analysis, and particularly, structural stability. in combination with nationally recognized
design rules for safety. The most widely used design rules are those of the American
Institute of Steel Construction (AISC). given in Load and Resistance Factor Design
Specification for Structitral Steel Buildings and Specification for Structiral Steel Build-
ings—Allowable Stress Design and Plastic Design, referred to hereafter as LRFD
Specification and ASD Specification, respectively.

The specific occurrence dictating this fourth edition is the publication of the 1993
LRFD Specification (effective December 1. 1993) with Commentary, along with the
corresponding LRFD handbook, Manual of Steel Construction—Load and Resistance
Factor Design, 2nd Edition, 1994, Volume | (Strucrural Members, Specifications. &
Codes) and Volume 11 (Connections). References are continued to the 1989 ASD
Specification (effective June I, 1989) with Commentary; and the correspending ASD
handbook, Manual of Steel Construction—Allowable Stress Design and Plastic Design,
9th Edition, 198Y. Steel members and components are selected from these handbooks,
referred to hereafter as LRED Manual and ASD Munual.

The fourth edition follows the same philosophical approach that has gained wide
acceptance of users since the first edition was published in 1971, This edition continues
to strive to present in a logical manner the theoretical background needed for developing
and explaining design requirements. particularly those of the 1993 LRFD Specification.
Beginning with coverage of background maierial. including references to pertinent re-
search, the development of specific formulas used in the AISC Specitications is followed
by a generous number of design exumples explaining in detail the process of selecting
minimum weight members to satisfy given conditions.

Xi



Xii PREFACE

Emphasis throughout this fourth edition is on the 1993 LRFD Specification. That
specification is based on statistical studies of loads and the resistances of steel structures
subject to various types of load effects. such as bending moment. shear. axial force. and
torsional moment. The rational treatment of both loads (including load effects) and
resistances results in steel structures having more uniform safety throughout. This modern
philosophy of design. discussed only briefly in one section of the second edition, is moving
toward being the predominant approach to design.

Considerable emphasis has been placed on presenting for the beginner, as well as
the advanced student. the necessary elastic and inelastic stability concepts. the under-
standing of which is essential to properly apply steel design rules. The same concepts are
applicable whether design is according 1o the LRFD Specification or the ASD
Specification. The explanation of stability concepts is incorporated into the chapters in
such a way that the reader may either study in detail the stability concepts in logical
sequence. or omit or postpone study of sections containing detailed development. merely
accepling qualitative explanation and proceeding directly to design.

As this fourth edition is prepared, a majority of design is still done according to the
traditional Allowable Stress Design (i.e., Working Stress Design). That method focuses on
service (working) loads and elastically computed stresses, comparing those stresses with :
allowable limiting values. However, the logical trend over the next several years should be ?
toward the more rational Load and Resistance Factor Design Specification. Strength ‘
design philosophy (reflected in the 1986 and 1993 LRFD Specifications) uses factored
service loads and compares the strength provided with such factored loads (or load
effects). The strength in any given case depends on the “limit state”, or mode of failure,
such as yielding, fracture. or buckling. The traditional “plastic design”, included as i
Chapter N of the 1989 ASD Specification. is an option integrally included as part of the |
LRFD Specification.

Throughout the text. the theory and background material. being common to both
the LRFD and ASD philosophies of design, have been integrated. The specific design
provisions and illustrative examples are. however, treated generally in separate sections
within the chapters so that the user may study either the Allowable Stress Design or the
Load and Resistance Factor Design portions separately.

The fourth edition continues the use of SI units as an addition to the primary use
of Inch-Pound units. Although neither the LRFD nor the ASD Specification contains 81
units, some use of SI units appears in the text. LRFD and ASD formulas have their SI
equivalent (conversions are the practical ones made by the authors) given as a footnote
on the text page containing the AISC-specified Inch-Pound units. Tables and diagrams
generally contain both Inch-Pound and S units.

Depending on the proficiency required of the student, this textbook provides mate-
rial for two courses of three or four semester-credit hours each. It is suggested that the
beginning course in steel siructures for undergraduate students might contain the material
of Chapters | through 7. 9. 10. 12 and 16, except Sections 6.4. 6.6, 6. 1210 6.19, 7.9 to
7.11.93109.5.9.8,9.12109. 14, and 12.6 10 12.7. The second course would review some
of the same topics of the first course. but more rapidly, emphasizing items omitted in the
first course. In addition, the remaining chaplers—namely Chapter 8 on torsion, Chapter
11 on plate girders, Chapter 13 on connections. Chapter 14 on frames, and Chapter 15
on frame design—are suggested for inclusion, The primary philosophy emphasized in
both courses should be Load and Resistance Factor Design.

1
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PREFACE  xiii

The reader will need ready access to the LRFD Manual™ throughout the study of the
text. particularly wher working with the examples. However. it 1s not the objective of this
text that the reader become proficient in the routine use of tables: the tables serve only
as a geide to obtaining experience with variation of design parameters and as an aid in
arriving at good design. The LRFD Specification and Commentary are contained in the
LRFD Meanual and are therefore not included in this book. except for various individual
provisions quoted where they are explained.

The direct use of the computer is not specifically emploved anvwhere in the text.
The authors believe the study of basic principles in the classroom is of the highest priority.
However, the reader may find that acquiring the data base of standard section properties.
available for purchase from AISC. will be helpful. The authors recommend the use of a
spreadsheet software. such as Lotus 1-2-3" or Microsoft™ Excel. along with the use of the
database properties.

Features of this fourth edition are: (1) detailed presentation of strength-related
background and design rules for Load and Resistance Factor Design: (2) an integrated
treatment of both the 1993 Load and Resistance Factor Design Specification along with
the 1989 Allowable Stress Design Specification,

Other special features of this text are (3) comprehensive treatment of design of
[-shaped members subject to torsion { Chapter 8). including a simplified practical method:
(4) detailed treatment of plate girder theory as it relates to Load and Resistance Factor
Design (Chapter 11) and a camprehensive design example of a two-span continuous girder
using two different grades of steel; (5) extensive (reatment of connections (Chapter [3).
including significant discussion and illustration of the design of components. Chapters
which were extensively rewritten for the third edition 1o reflect LRFD approaches of the
1986 specification. have been updated for the 1993 LREFD Specification and improved for
better readability and understanding as a result of suggestions from users.

The authors are indebted to students, colleagues, and other users of the first three
editions who have suggested improvements of wording. identifted errors, and recom-
mended items for inclusion or deletion. The suggestions have been carefully considered.
resulting in this complete revision. The continued cooperation and help of AISC through
Nestor Iwankiw, Director, Research and Codes. is also appreciated.

The authors are greatly indebted to Dr. Robert E. Abendroth of Towa State Univer-
sity for his extensive and detailed suggestions to correct errors and improve readability
regarding all chapters. The detailed suggestions from Dr. Patrick D. Zuraski of Louisiana
State University rezarding Chapters | -4 are sincercly appreciated.

Special thanks are due Dr. David C. Salmon of the faculty of the University of
Nebraska-Lincoln for his many signiticant suggestions and advice regarding the entire
manuscript,

*Manael of Steel Construction, Load and Resistance Facior Design, 2nd edition, 1994, Since
ncarly continuous reference s made to the LRFD Manual (which also contains the 1993 LRFD
Specification and Commuentary). the reader will find it desirable to secure o copy of the two-volume
document from the American Institute of Steel Construction, Inc.. Onc East Wacker Drive. Suite 3100,
Chicago. IL 60601-2001, The LRFD Specification and Commentary are also available in a separate paper
cover document. The ASD Manua! and the paper cover ASD Specification and Commentary are also
uvailable from AISC.

“Lotus 1-2-3 is a registered trademark of Lotus Development Co,

S Microsoftis @ registered frademark of the Microsoft Corporation.
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The authors also acknowledge with thanks the comments and suggastions to elim-

Inate errors, improve clarity, and generally improve usability, by Dr. Thomas M. Murray

of Virginia Polvtechnic Institute, Dr. Gary L. Kraus of the University of Nebraska-

Lincoln, Dr. Abdul-Hamid Zureick of Georgia Institute of Technology, and Dr. Gregory
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Conversion Factors

Some Conversion Faciors, between inch-Pound Units and Sl Units, Useful in
Structural Steel Design

To Convert To Multipiy by
Forces kip force kN 4348
Ib N 4.448
kN kip 0.2248
Stresses ksi MPa {i.e.. N/mm®) 6.895
psi MPa 0.006895
MPa ksi 0.1450
MPa psi 145.0
Moments ft-kip kN-m 1.356
kN-m ft-kip 0.7376
Uniform Loading kip/tt kN/m 14.59
kN/m kip/ft 0.06852
kip/ft* kN/m? 47.88
pst N/m?® 47.88
kN/m-* kip/tt® 0.02089

For proper use of 81 see Standard for Use of the Internaiionad Svstem of Units (ST) (the Modernized Metric
Svstemy (ASTM E380-93). American Society for Testing and Materials, Philadelphia, 1993, Also see
Standard Practice for the Use of Merric (ST Units in Buildings Design and Constraction (Committee E-6
Supplement ro E3RY (ANSI/ASTM E621-78), American Society for Testing and Matertals, Philadelphia,
1978.

Buasis of Conversions LASTH E3R0): 1 in. = 254 mos | b toree = 4,448 221 615 260 5 newtons.

Basic 81 units reluting to structural steet design:

Quantity Lnit Svnbol
length metre m
0288 Kilogram kg
time second %

Derived STunits relating to structural design;
Quuntity Uit Svmbaol Formula
force pewlon N kg m/s?
pressure, stress pascal Pa N/m?*
cnergy. of work joule i N-m

Xv
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Chapter 1

Introduction

1.1 STRUCTURAL DESIGN

Structural design may be defined as a mixture of art and science, combining the
experienced engineer s intuitive feeling for the behavior of a structire with a sound
knowledge of the principles of statics, dynamics, mechanics of materials, and struc-
tural analysis, to prodiuce a safe economical Structire that will serve its intended
purpose.

Until about 1850, structural design was largely an art relying on intuition to
determine the size and arrangement of the structural elements. Early man-made
structures essentiaily conformed to those which could also be observed in nature, such
as beams and arches. As the principles governing the behavior of structures and
structural materials have become better understood, design procedures have become
more scientific.

Computations involving scientific principles should serve as a guide to decision
making and not be followed blindly. The art or intuitive ability of the experienced
engineer is utilized to make the decisions. guided by the computational results.

1.2 PRINCIPLES OF DESIGN

Design is a process by whichan optimum solution is obtained. In this text the concern
is with the design of structures—in particular, sieel structures. In any design, certain
criteria must be established to evaluate whether or not an optimum has been achieved.
For a structure, typical criteria may be (a) minimum cost; (b) minimum weight;
(¢) minimum construction time: (d) minimum labor: (€) minimum cost of manufacture
of owner's products; and (f) maximum efficiency of operation t0 owner. Usually
several criteria are involved, each of which may require weighting. Observing the
above possible criteria, it may be apparent that setting clearly measurable criteria
(such as weight and cost) for establishing an optimum frequently will be difficult, and
perhaps impossible. In most practical situations, the evaluation must be qualitative.

If a specific objective criterion can be expressed mathematically, then optimiza-
tion techniques may be employed to obtain a maximum or minimum for the objective
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£ 350 ft World Trade Center. New York,
(Photo by C. G. Salmon)

function. Optimization procedures and techiniques comprise an entire subject that is
outside the scope of this text. The criterion of minimum weight is cmphasized
throughout, under the general assumption that minimum material represents mini-
mum cost. Other subjective criteria must be kept in mind, even though the integration
of behavioral principles with design of structural steel elements in this text utilizes
only simple objective criteria, such as weight or cosl.

Design Procedure

The design procedure may be considered to be composed of two parts—+functional
design and structural tramework design. Functional design ensures that intended
results are achieved, such as (a) adequate working areas and clearances: (b) proper
ventilation and/or air conditioning: {¢) adequate transportation facilities. such as
elevators, stairways. and cranes or materials handiing equipment; (d) adequate light-
ing: and (¢} aesthetics.

The structural framework design is the sclection of the arrangement and sizes of
structural elements so that service foads may be safely carried, and displacements are
within acceptable limits.
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The iterative design procedure may be outlined as follows:

1. Planning. Establishment of the functions for which the structure must serve.
Set criteria against which to measure the resulting design for being an
optimum,

2. Preliminary structural configuration. Arrangement of the elements to serve

the functions in step 1.

. Establishment of the loads to be carried.

4. Preliminary member selection. Based on the decisions of steps 1. 2, and 3
selection of the member sizes to satisfy an objective criterion, such as least
weight or cost.

5. Analvsis. Structural analysis involving modeling the loads and the structural
framework to obtain internal forces and any desired deflections.

6. Fvaluation. Are all strength and serviceability requirements satisfied and is
the result optimum? Compare the result with predetermined criteria.

7. Redesign. Repetition of any part of the sequence | through 6 found neces-
sary or desirable as a resuft of evaluation. Steps 1 through 6 represent an
iterative process. Usually in this text only steps 3 through 6 will be subject
to this iteration since the structural configuration and external loading will
be prescribed.

8. Finual decision. The determination of whether or not an optimum design has
been achieved.

tad

1.3 HISTORICAL BACKGROUND OF STEEL STRUCTURES

Metal as a structural material began with cast iron, used on a 100-ft (30-m) arch span
which was built in England in 1777-1779 [1.1].* A number of cast-iron bridges were
built during the period 1780-1820, mostly arch-shaped with main girders consisting
of individual cast-iron pieces forming bars or trusses. Cast iron was also used for chain
links on suspension bridges until about 1840.

Wrought iron began replacing cast iron soon after 1840, the carliest important
example being the Brittania Bridge over Menai Straits in Wales, which was built in
1846—1850. This was a tubular girder bridge having spans 230-460-460-230 ft
(70-140-140-70 m), which was made trom wrought-iron plates and angles.

The process of rolling various shapes was developing as cast iron and wrought
iron received wider usage. Bars were rolled on an industrial scale beginning about
1780. The rolling of rails began about 1820 and was extended to I-shapes by the
1870s.

The development of the Bessemer process (1855), the introduction of a basic
liner in the Bessemer converter ( [870). and the open-hearth furnace brought wide-

# Numbers in brackets refer to the Selected References at the end of the chapter.
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spread use of iron ore products in building materials. Since 1890, steel has replaced
wrought iron as the principal metallic building material. Currently (1993). steels
having vield stresses varyving from 24.000 to 100.000 pounds per square inch. psi (165
10 690 megapascals.® MPa). are available for structural uses. The various steels. their
uses and their properties are discussed in Chapter 2.

1.4 LOADS

The determination of the loads to which a structure or structural element will be
subjected is. at best an estimate. Even it the loads are well known at one location in
a structure. the distribution of load from element-to-element throughout the structure
usually requires assumptions and approximations. Some of the most common kinds
of loads are discussed in the following sections.

Dead Load

Dead load 1s a fixed-position gravity service load. so called because it acts continu-
ously toward the earth when the structure is in service. The weight of the structure is
considered dead load. as well as attachments to the structure such as pipes. electrical
conduit. air-conditioning and heating ducts, lighting fixtures, floor covering. roof
covering. and suspended ceilings: that is. all items that remain throughout the life of
the structure.

Dead loads are usually known accurately but not until the design has been
completed. Under steps 3 through 6 of the design procedure discussed in Sec. 1.2. the
weight of the structure or structural element must be estimated, preliminary section .
selected. weight recomputed. and member selection revised if necessary. The dead
load of attachments is usually known with reasonable accuracy prior to the design. %

Live Load

Gravity loads ucting when the structure is in service, but varying in magnitude and
jocation, are termed five loads. Examples of live loads are human occupants. turni-
ture. movable equipment, vehicles. and stored goods. Some live loads may be practi-
cally permanent, others may be highly transicnt. Because of the unknown nature of
the magnitude. location, and density of live load items, realistic magnitudes and the
positions of such loads are very difficult to determine.

Because of the public concern for adequate safety, live loads to be taken as
service loads in design are usually prescribed by state and local building codes. These
loads are generally empirical and conservative. based on experience and accepted
practice rather than accurately computed values. Wherever local codes do not apply.
or do not exist. the provisions from one of several regional and national building codes
may be used. One such widely recognized code, Minimum Design Loads for Buildings
and Other Structres ASCE 7 (formerly ANSI A58.1 published by the American

# MPu. mewapascads, are equivalent o Newtons per square millimeter, N/mm™. in SI units.
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TABLE 1.41 TYPICAL MINIMUM UNIFORMLY DISTRIBUTED LIVE LOADS
{Adapted from Ref. 1.2;

Live load
Occupancy or use psf Pa*
1. Hotel guest rooms 40 1600
School classrooms )
Private apartments
Hospital private rooms
2. Offices 50 2400
3. Assembly halls, fixed seat 60} 2900
Library reading rooms
4. Corridors. above first floor in sheools, libraries. and hospitals 80 3800
5. Assembly areas: theater lobbies 100 4800
Dining reoms and restaurants
Office building lobbies
Main floor, retails stores
Assembly hall. movable seats
6. Wholesale stores, all floors 125 6000

Manufacturing. light
Storage warehouses, light

7. Armories and drill halis L50 7200
Stage Hoors
Library stack rooms

8. Munufacturing, heavy 350 12000
Sidewalks and driveways subject 10 trucking
Storuge warehouses. heavy

#8581 vidues are approximate convensions | psi (Ib/sy 1) = 47.9 Pa.

National Standards Instituted. tor the past few years has been developed under the
Jurisdiction of the American Society of Civil Engineers. This code will hencetorth be
referred to as the ASCE 7 Standard. This Standard is updated from time to time, most
recently in 1993, making ASCE 7-93 {1.2] the curreat specific reference. Some
typical live loads from ASCE 7 are presented in Table 1.4.1.

Live load when applied to a structure should be positioned to give the maximum
effect. including partial loading, alternate span loading, or full span loading as may be
necessary. The simplified assumption of tull uniform loading everywhere should be
used only when it agrees with reality or is an appropriate approximation. The proba-
bility of having the prescribed loading applied uniformly over an entire floor, or over
all floors of a building simultaneously, is almost nonexistent. Most codes recognize
this by allowing for some percentage reduction from full foading. For instance, for live
loads of 100 psf or more ASCE 7 [1.2] aliows members having an influence area of
400 g ft or more to be designed for a reduced live load according to Eq. 1.4.1, as
follows:

(141

()]

i5
L= L(,[o.z + —]
VA,
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where L = reduced live load per sq {t of area supported by the member
L, = unreduced live load per sq {1 of area supported by the member (from
Table 1.4.1)
A; = influence area. sq fu

The influence area A, is four times the rributary area (the area which distributes load
to member being considered) for a column. two times the tributary area for a beam.
and is equal to the panel area for a two-way slab. The reduced live load L shali not be
less than 50% of the live load L. for members supporting one floor. nor less than 405
of the live load L, otherwise.

Highway Live Loads

Highway vehicle loading in the United States has been standardized by the American
Association of State Highway and Transportation Officials (AASHTO) [1.3] into
standard truck loads and lane loads that approximate a series of trucks. There are two
systems. designated H and HS. that are identified by the number of axles per truck. The
H system has two axles. whereas the HS system has three axles per truck. There are
several classes of loading: however, the usual ones are known as H20 and HS20,
shown in Fig. 1.4.1.

In designing a given bridge. either one truck loading is applied to the entire
structure. or the lane loading is applied. When the lane loading is used. the uniform
portion is distributed over as much of the span or spans as will cause the maximum
effect. In addition. the one concentrated load (for maximum negative moment on
continuous spans, a second concentrated load is also used) is positioned for the most
severe loading etfect. The load distribution across the width of a bridge to its various

O

- o —i 0 1 e 30— e ] - 27 g
& 32 8 32 32
Axle louds
{Kips)
H20-Truck HS20-Truck

{ 18K for moment } te be positioned

26k for shear for maximum eifect
L, = 0.64 kips/linear 1 of fane
L L T
H20 and HS24 Lane

Figure 141 AASHTO highway H20 and HS20 loadings [1.3].
(1 kip = 4.45 kN)
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supporting members is taken in accordance with semiempirical ruies that depend on
the type of bridge deck and supporting structure.

The single truck loading provides the eftect of a heavy concentrated load and
usually governs on relatively short spans. The uniform lane load is to simulate a line
of traffic. and the added concentrated load is to account for the possibility of one extra
heavy vehicle in the line of traffic. These loads have been used with no apparent
difticulty since 1944, before which time a line of trucks was actually used for the
loading. On the interstate system of highways. 2 military loading is also used that
consists of two 24-kip (107-kN) axle loads spaced 4 ft (1.2 m) apart.

Railroad bridges are designed to carry a sinular semiempirical loading known as
the Cooper E72 train. consisting of a series of concentrated loads a fixed distance
apart followed by uniform loading. This loading is prescribed by the American Rail-
way Engineering Association (AREA) [1.4]

The term impact as ordinarily used in structural design refers to the dynamic effect of
a suddenly applied load. In the building of a structure. the materials are added slowly:
people entering a building are also considered a gradual loading. Dead loads are static
loads: i.e.. they have no effect other than weight. Live loads may be either static or
they may have a dynamic eftect. Persons and furniture would be treated as static live
load. but cranes and various types of machinery also have dynamic effects.
Consider the spring-mass system of Fig. [.4.2a. where the spring may be thought
of as analogous to an elastic beam. When load is gradually applied (1.e., static loading)
the mass (weight) deflects un amount + and the load on the spring (beam) is equal to
the weight W. In Fig. 1.4.2b the load is suddenly applicd (dynamic loading). and the
maximum deflection is 2.x: i.e.. the maximum load on the spring (beam) is 2W. In this
case the mass vibrates in simple harmonic motion with its neutral position equal to its
static deflected position. In real structures. the harmonic (vibratory) motion is damped
out (reduced 10 zero) very rapidly. Onee the motion has stopped, the force remaining
in the spring is the weight W. To account for the increased force during the time the

Spring loree

=Kk v=0 Spring loree = Ay

y T -
T+ o w! 4 Yo Load sudedendy

—— et 3 1 # LT
A W ~ == geleased from here
, Lol wreredirerdly L.
o applied u T T~

h

Il N Oscitiation above
b A_ and below here

fa) No vibraton:
ma spring foree = W

1) Free vibraton:
s, spring foree = 21

Figure 1.4.2 Comparison of static and dynamic loading.
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member 18 tn motion. a load equal to twice the static load 1 should be used—add
100% of the static load to represent the dyvnamic effect. This is called a 100% impact
tactor.

Any live load that can have a dynamic effect should be increased by an impact
factor. While & dynamic analysis of a structure could be made, such a précedure is
unnecessary in ordinary design. Thus, empirical formulas and impact factors are
usually used. In cases where the dynamic eftect is small (say where impact would be
less than about 20%). 1t is ordinarily accounted for by using a conservative (higher)
value for the specified live load. The dynamic effects of persons in buildings and of
slow-moving vehicles in parking garages are examples where ordinary design live load
is conservative. and usually no explicit impact factor is added.

For highway bridge design. however. impact is always to be considered.
AASHTO[1.3] prescribes empirically that the impact factor expressed as a portion of
live load is
0

[=—— =
L+ 125

Lh

0.30 (1.4.2)

In Eq. 1.4.2, L (expressed in feet) is the length of the portion of the span that is loaded
to give the maximum effect on the member. Since vehicles travel directly on the
superstructure, all parts of it are subjected to vibration and must be designed to include
impact. The substructure, including all portions not rigidly attached to the superstruc-
ture such as abutments, retaining walls, and piers. are assumed to have adequate
damping or be sufficiently remote from the application point of the dynamic load so
that impact might not be considered. Again. conservative static loads may account
for the smaller dynamic effects.

In buildings, impact is explicitly provided for primarily in the design of supports
for cranes and heavy machinery. The American Institute of Steel Construction (AISC)
Specifications® [ 1.5, 1.16] provided for an increase in the live load to account for
impact. The Load and Resistance Factor Design Specification (LRFD-A4.2) and the 1
Alloweble Stress Design Specification (ASD-A4.2) state that if not otherwise
specified, the live load increase shall be: 5

For supports of elevators and elevator machinery 100%

For supports of light machinery, shaft or motor driven, !
. i

not less than 20% ;

For supports of reciprocating machinery or power driven units,

not less than 50%

For hangers supporting floors and balconies 33%

For cab-operated traveling crane support girders and their

connections 25%
For pendant-operated traveling crane support girders and their
connections 10%

* The reader will reguire continued reference o the AISC Specifications (ASD and LRFD) which
are contained. respectively in the AISC ASD Manue! [1.7] and AISC LRED Munual [L.18]. These two
books nuy be purchused from AISC. One East Wacker Drive. Suite 3100, Chicago. IL 60601-2001.
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Trolley movement
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Figure 1.4.3 Crane arrangement. showing movements that contribute impact loading.

In the design of crane runway girders (see Fig. 1.4.3) and their connections, the
horizontal forces caused by moving crane trolleys must be considered. Both LFRD
and ASD-A4.3 prescribe using a minimum of “20% of the sum of weights of the lifted
load and of the crane trolley. but exclusive of other parts of the crane. The force shall
be assumed to be applied at the top of the rails, acting in either direction normal to the
runway rails, and shall be distributed with due regard for lateral stiffness of the
structure supporting the rails.”

In addition, due to acceleration and deceleration of the entire crane. a fongitudi-
nal tractive force is transmitted 1o the runway girder through friction of the end truck
wheels with the crane rail. LRFD and ASD-A4.3 require this force, unless otherwise
specified, to be a minimum of 10% of the maximum wheel loads of the crane applied
at the top of the rail.

The live loading for which roofs are designed is either totally or primarily a snow load.
Since snow has a variable specific gravity. even it one knows the depth of snow for
which design is to be made, the load per unit area of roof 1s at best only a guess.

The best procedure for establishing snow load for design is to follow the ASCE 7
Standard [1.2]. This standard uses a map of the United States giving isolines of
ground snow corresponding to a 50-year mean recurrence interval for use in designing
most permanent structures. The ground snow is then multiplied by a coefficient that
includes the effect of roof slope, wind exposure, nonuniform accumulation on pitched
or curved roofs. multiple series roots, and multilevel roofs and roof areas adjacent to
projections on a roof level.

It is apparent that the steeper the roof the less snow can accumulate. Also,
partial snow loading must be considered in addition to full loading. it such loading can
occur and would cause maximum effects. Wind may alse act on a structure that is
carrying snow load. Itis unlikely, however. that maximum snow and wind loads would
act simultaneously.
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In general. the basic snow load used in design varies from 30 o 40 pst (1400 0
1900 MPa) in the northern and eastern states to 20 psf (960 MPa) or less in the
southern states. Flat roofs in normally warm climates should be designed for 20 psf
(960 MPa) even when such accumulation of snow may seem doubiful. This loading
may be thought of as due to people gathered on such a roof. Furthermore. though wind
is frequently ignored as a vertical force on a roof. nevertheless it may cause such an
effect. For these reasons. a 20 psf (960 MPa) minimum loading. even though it may
not always be snow. is reasonable. Local codes. actual weather conditions. ASCE 7
[1.2]. or the Cunadian Structural Design Manual [1.9]. should be used when design-
ing for snow.,

Other snow load information has been provided by Lew. Simiu. and Ellingwood
in the Building Structural Design Handbook (Chapter 2) [1.10]. and in the works of
O Rourke and Stiefel [1.39]. Templin and Schriever [ 1.40]. O Rourke. Tobiasson. and
Wood [1.41]. O'Rourke. Redfield. and von Bradsky [1.42]. O'Rourke, Speck. and
Stiefel [1.43], Sack [1.44}. O'Rourke and Galanakis [1.45]. and Sack and Giever
[1.46].

Wind Load

All structures are subject to wind load. but it is usually only those more than three or
four stories high, as well as long bridges. for which special consideration of wind is
required.

On any typical building of rectangular plan and elevation, wind exerts pressure
on the windward side and suction on the leeward side. as well as either uplift or
downward pressure on the roof. For most ordinary situations, vertical roof loading
from wind is neglected on the assumption that snow loading will require a greater
strength than wind loading. This assumption is not true for southern climates where
the vertical loading due to wind must be included. Furthermore, the total lateral wind
load, windward and leeward effect, is commonly assumed to be applied to the wind-
ward face of the building,

In accordance with Bernoul!i’s theorem for an ideal Huid striking an object. the
increase in static pressure equals the decrease in dynamic pressure, or

l )
g = pv: (1.4.3)

e gt it e i 5 < e

where ¢ 1s the dynamic pressure on the object. p is the mass density of air (specific
weight w = 0.07651 pet at sea level and 15°C), and V is the wind velocity. 1n terms
of velocity V in miles per hour, the dynamic pressure ¢ (psi’) would be
B l(().()?ﬁSl)(ﬁSOV
7720 3227 A 3600

)' = 0.0026V° (1.4.4)"

In design of usual types of buildings. the dynamic pressure ¢ is commonly converted
into equivalent static pressure p. which may be expressed [1.9]

p=qC.C.C, (1.4.5)

*1In S1 units. ¢ = 0.63V- for ¢ in MPa and Vin m/sec, {144
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where €, is an exposure factor that varies from 1.0 (for 0-40-ft height) to 2.0 (for
740— 1200-ft height): C, is a gust factor, such as 2.0 for structural members and 2.5
for small elements including cladding: and C, is a shape factor for the building as a
whole. Excellent details of application of wind loading to structures are available in the
ASCE 7 Standard [1.2] and in the National Building Code of Canada [1.9}.

The commonly used static wind pressure of 20 psf, as specified by many build-
ing codes, corresponds to a velocity of 88 miles per hour (mph) from Eq. 1.4.4. An
exposure factor C, of 1.0. a gust factor C, of 2.0, and a shape factor C, of 1.3 for an
airtight building. along with a 20 psf equivalent static pressure p, will give from
Eq. 1.4.5 a dynamic pressure ¢ of 7.7 psf, which corresponds. using Eq. idd toa
wind velocity of 55 mph. For all buildings having nonplanar surfaces, plane surfaces
inclined to the wind direction, or surfaces having stgnificant openings. special determi-
nation of the wind forces should be made using such sources as the ASCE 7 Standard
[1.2]. or the National Building Code of Canada [1.9]. For more extensive treatment
of wind loads. the reader is referred to the Task Committee on Wind Forces [1.36].
Lew. Simiu, and Ellingwood in the Building Structural Design Handbook [1.10].
Mehta [1.37]. and Stathopoulos, Surry, and Davenport [1.38].

Earthquake Load

An earthquake consists of horizontal and vertical ground motions, with the vertical
motion usually having the much smaller magnitude. Because the horizontal motion of
the ground causes the most significant effect, it is that effect which is often thought of
as earthquake load. When the ground under an object (structure) having mass sud-
denly moves, the inertia of the mass tends to resist the movement. as shown in
Fig. 1.4.4. A shear force is developed between the ground and the mass.

Most building codes having earthquake provisions require that the designer
either (1) use a dynamic analysis of the structure, or (2) for usual generally rectangu-
lar medium height buildings, use an empirical lateral base shear force CW. The
dynamics of earthquake action on structures is outside the scope of this text, and the
reader is referred to Chopra [1.49] and Clough and Penzien [1.50].

The equivalent lateral base shear force procedure for designing to resist earth-
quakes has traditionally been used by most building codes to simplify the design
process. For many years, a widely used source has been the Structural Engineers

l W | W

i i —_—— W = inertia

reaction
7T Y/ 77%

m——

Earth motion

(a) Atrest {b) Under horizontal motion
from earthquake

Figure 1.4.4 Force developed by earthquake.
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Association of California (SEAQC) recommendations [1.47]. the latest version of
which is 1990. ASCE 7 Standard [ 1.2] contains an equivalent lateral force procedure
for “Buildings designated as regular up to 240 feet”. wherein the seismic base shear
Vis given by the following:

V=CW {1.4.6)

where €, = seismic design coefficient. varying from around 0.005 for low
velocity-related acceleration coefficient (say. 0.03) on good soil (say,
rock) with a good seismic-resisting structural system (say.
moment-resisting frame) for the maximum 240 ft high “regular™
building. to around 0.35 for high velocity-related acceleration
coefficient (say. (0.20) on poor soil (say. soft clay or silt) with poor
moment-resisting system (say. unreinforced masonry) for a 120 ft
high “regular™ building.

W = total dead load of the building. including partitions, and portions of

other loads as defined in ASCE 7-93{1.2].

The seismic coefficient C, is given by

124, 8
e 1.4.7
RT ( )
but need not be greater than the following:
254
C, = . (1.4.8)
R
where A, = coefficient representing eftective peak velocity-related acceleration,

varying from 0.05 to 0.40, in accordance with a contour map based
on the degree of expected seismicity

S = coefticient relating to the soil characteristics at the site, varying from
1.0 to 2.0 as the soil differs from rock to soft clay or silt.

R = response modification factor relating to the secismic force-resisting
structural system, varying from 1.25 in an unreinforced masonry
bearing shear wall system to 8 for a moment-resisting steel frame
incorporating special framing requirements of ASCE 7-93 [ 1.2].

T = fundamental period of the building which, according to ASCE 7-93,
“shall be established using the structural properties and
detormational characteristics of the resisting clements in a properly
substantiated analysis.™

A, = seismic coefficient representing the effective peak acceleration,
varying from 0.03 to 0.40. in accordance with a contour map based
on the degree of expected seismicity

The fundamental period T used in Eq. (1.4.7) shall not exceed

Lo = T, (1.4.9)
where €, = coefficient relaring to A, . varying trom [.2 for A, = 0.4 1o 1.7 for
A, = 0.05.
T, = approximate fundamental period determined from
1= Coly? (1.4.10)
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where (; = coefficient relating to the seismic force resisting structural system.
varying from 0.033 for the most effective to 0.020 for the least
effective system

i, = height in feet above the base to the highest level of the building.

i

The above is intended to show generaliy the variables involved in earthquake
forces. ASCE 7-93[1.2] contains an entirely new (as compared to ASCE 7-88 and
other prior earthquake codes) procedure for earthquake design. containing many
details which are outside the scope of this text.

Note that the base shear force method is for “regular™ buildings. Irregular
buildings are those which contain (1) plan structural irregularities, such as torsional
irregularity. re-entrant corners. diaphragm discontinuity. out-of-plane offsets, and
nonparallel systems, and/or (2) vertical structural irregularities, such as stiffness
irregularity (soft story), mass trregularity, geometric irregularity. in-plane discontinu-
ity in vertical lateral force-resisting elements, and discontinuity in lateral strength
(weak story). The base shear force method is also limited to buildings not exceeding
250 ft in height.

After the base shear force V is determined, the vertical distribution of seismic
forces must be determined. The seismic design story shear must include direct shear
as well as torsion. The building must be designed to resist overturning effects caused
by seismic forces. Also. story drifts, and where required. member forces and moments
due to P-delta effects must be determined.

ASCE 7-93 is based on the NEHRP Recommended Provisions for the Develop-
ment of Seismic Regulations for New Buildings [1.52], which is the definitive source
for seismic design. Various traditional building codes for earthquake-resistant design
are compared by Chopra and Cruz |1.48). Many states have adopted the Uniform
Building Code (UBC) [1.51 |. which contains provisions for seismic design generally
based on the ASCE 7 Standard [1.2]. For steel design, the Seismic Provisions for
Structural Steel Buildings [1.53] is available. Other information on steel-related
earthquake codes is provided by Popov [1.54] and Marsh [1.55].

1.5 TYPES OF STRUCTURAL STEEL MEMBERS

As discussed in Sec 1.2, the function of a structure is the principal factor determining
the structural configuration. Using the structural configuration along with the design
loads, individual components are selected to properly support and transmit loads
throughout the structure. Steel members are selected from among the standard rolled
shapes adopted by the American Institute of Steel Construction (AISC) (also given by
American Society ftor Testing and Materials [ASTM | A6 Specification}. Of course,
welding permits combining plates and/or other rolled shapes to obtain any shape the
designer may require.

Typical rolled shapes. the dimensions for which are tound in the AISC Manual®
[1.7. 1.18], are shown in Fig. 1.5.1. The most commonly used section s the wide-

* When reference is made 10 AISC Mo, the material is available in both Refs. 1.7 and 1.18.
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Figure 1.5.1 Standard rolled shapes.

flange shape (Fig. 1.5.1a) which is formed by hot rolling in the steel mill. The
wide-flange shape is designated by the nominal depth and the weight per foot, such as
a WI1BX97 which is nominally 18 in. deep (actual depth = 18.59 in. according to
AISC Manual) and weighs 97 pounds per foot. (In ST units the W18X97 section could
be designated W460x 144, meaning nominally 460 mm deep and having a mass of
144 kg/m.) Two sets of dimensions are found in the AISC Manual: one set stated
in decimals for the designer to use in computations, and another set expressed in
fractions (5% in. as the smallest increment) for the detailer to use on plans and shop ‘
drawings. Rolled W shapes are also designated by ASTM A6/A6M* [1.8] in accor- !
dance with web thickness as Groups 1 through 5, with the thinnest web sections in
Group 1.

The American Standard bearn (Fig. 1.5.1b), commonly called the I-beam, has
relatively narrow and sloping flanges and a thick web compared to the wide-flange
shape. Use of I-beams has become uncommon because of excessive material in the
web and relative lack of lateral stiffness resulting from the narrow flanges.

The channel (Fig. 1.5.1c) and angle (Fig. 1.5.1d) are commonly used either
alone or in combination with other sections. The channel is designated, for example,
as C12X2(.7, anominal [2-in. deep channel having a weight of 20.7 pounds per foot.
Angles are designated by their leg length (long leg first) and thickness, such as,
Lo6xax:.

The structural tee (Fig. 1.5.1e) is made by cutting wide-flange or I-beams in half
and is commonly used for chord members in trusses. The tee is designated, for

*The M refers to the SI version of the ASTM Standard.
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Figure 1.5.2 Some cold-formed shapes.

example, as WT5X 44, where the 5 is the nominal depth and 44 is the weight in pounds
per foot; this tee being cut from a W10 xX88.

Pipe sections (Fig. 1.5.1f) are designated “standard,” “extra strong,” and
“double-extra strong” in accordance with the thickness and are also nominally pre-
scribed by diameter; thus 10-in.-diam double-extra strong is an example of a partic-
ular pipe size.

Structural tubing (Fig. 1.5.1g) is used where pleasing architectural appearance
is desired with exposed steel. Tubing is designated by outside dimensions and thick-
ness, such as structural tubing, 8 X6X7.

The sections shown in Fig. 1.5.1 are all hot-rolled; that is, they are formed from
hot billet steel (blocks of steel) by passing through rolls numerous times to obtain the
final shapes. Many other shapes are cold-formed from plate material having a thick-
ness not exceeding 1 in., as shown in Fig. 1.5.2.

Regarding size and designation of cold-formed stee! members, there are no truly
standard shapes even though the properties of many common shapes are given in the
Cold- Formed Steel Design Manual [ 1.12]. Various manufacturers produce many pro-
prietary shapes.

Tension Members

The tension member occurs commonly as a chord member in a truss, as diagonal
bracing in many types of structures, as direct support for balconies, as cables in
suspended roof systems, and as suspension bridge main cables and suspenders that
support the roadway. Typical cross-sections of tension members are shown in
Fig. 1.5.3, and their design (except for special factors relating to suspension-type cable
supported structures) is treated in Chapter 3.

Compression Members

Because compression member strength is a function of the cross-sectional shape
(radius of gyration), the area is generally spread out as much as is practical. Chord
members in trusses, and many interior columns in buildings, are examples of members
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Figure 1.5.3 Typical tension members.

subject to axial compression. Even under the most ideal condition, pure axial com-
pression is not attainable; so, design for “axial” loading assumes the effect of any small
simultaneous bending may be neglected. Typical cross-sections of compression mem-
bers are shown in Fig. 1.5.4, and their behavior and design are treated in Chapter 6.

Beams are members subjected to transverse loading and are most efficient when their
area is distributed so as to be located at the greatest practical distance from the neutral
axis. The most common beam sections are the wide-flange (W) and I-beams (S)
(Fig. 1.5.5a). as well as smaller rolled 1-shaped sections designated as “miscellaneous
shapes™ (M).

For deeper and thinner-webbed sections than can economically be rolled,
welded I-shaped sections (Fig. 1.5.5b) are used, including stiffened plate girders.

For moderate spans carrying light loads, open-web “joists” are often used
(Fig. 1.5.5c). These are parallel chord truss-type members used for the support of
floors and roofs. The steel may be hot-rolled or cold-formed. Such joists are designated
“K-Series,” “LLH-Series,” and “DLH-Series.” The K-Series is suitable for members
having the direct support of floors and roof decks in buildings. The LH-Series and
DLH-Series are known as Longspan and Deep Longspan, respectively. Longspan
Steel Joists are shop-fabricated trusses used “for the direct support of fioor or rooft
slabs or decks between walls, beams, and main structural members™ [1.13]. Deep
Longspan Joists are used “for the direct support of roof slabs or decks between wall,
beams and main structural members” [1.13]. The design of the chords for K-Series
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Figure 1.5.5 Typical beam members.
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trusses is based on a vield strength® of 30 ksi (345 MPa). while the web sections may
use either 36 {248 MPa) or 50 ksi (345 MPa). For the LH- and DLH-Series, the chord
and web sections design must be based on a yield strength of at least 36 ksi (248 MPa)
but not greater than 50 ksi (345 MPa).

The K-Series joists have depths from 8 to 30 in. for clear spans to 60 ft. The
Longspan joists ( LH-Series) have depths from 18 to 48 in. for clear spans to 96 ft. The
Deep Longspan joists (DLH-Series) have depths from 52 o 72 in. for ¢lear spans to
144 ft.

All of these joists are designed according to Specifications adopted by the Steel
Joist Institute (SJT) [1.13]. which generally agree with the AISC Specifications
[1.5. 1.16] for hot-rolled steels. and with the AISI Specification [1.11] for cold-
formed steels. Designing with Steel Joists, Joist Girders, Steel Deck by Fisher, West,
and Van de Pas [1.14] provides excellent treatment of joists and joist-related floor
systems. Dynamics of structures is outside the scope of this text, and the reader is
referred to Chopra [1.49] and Clough and Penzien [1.50].

For beams (known as lintels) carrying loads across window and door openings,
angles are frequently used: and for beams (known as girts) in wall panels, channels
are frequently used.

Bending and Axial Load

When simultaneous action of tension or compression along with bending occurs, a
combined load problem arises and the type of member used will be dependent on the
type of load that predominates. A member subjected to axial compression and bending
is usually referred to as a beam-column, the behavior and design of which is dealt with
in Chapter 12.

The aforementioned illustration of types of members to resist various kinds of
load is intended only to show common and representative types of members and not
to be all inclusive.

1.6 STEEL STRUCTURES

Structures may be divided into three general categories: (a) framed structures, where
elements may consist of tension members, columns, becams, and members under
combined bending and axial load; (b) shell-type structures, where axial forces pre-
dominate; and (c) suspension-type structures, where axial tension predominates the
principal support system.

Framed Structures

Most typical building construction is in this category. The multistory building usually
consists of beams and columns, either rigidly connected or having simple end connec-

* Refer to Sec. 2.4 for definition.

vt sty o}
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tions along with diagonal bracing to provide stability. Even though a multistory build-
ing is three-dimensional, it usually is designed to be much stiffer in ore direction than
the other: thus it may reasonably be treated as a series of plane frames. However, if
the framing is such that the behavior of the members in one plane substantially
influences the behavior in another plane. the frame must be treated as a three-
dimensional space frame.

Industrial buildings and special one-story buildings such as churches, schools.
and arenas, generally are either wholly or partly framed structures. Particularly the
roof system may be a series of plane trusses (see Fig. 1.6.1), a space truss (see
Fig. 1.6.2), a dome (see Fig. 1.6.3), or it may be part of a flat or gabled one-story rigid
frame.

Bridges are mostly framed structures, such as beams and plate girders (see
Fig. 1.6.4), or trusses, usually continuous (see Fig. 1.6.5).

This text is devoted to behavior and design of elements in framed structures.

Figure 1.6.1 Floor joists (plane trusses) and steel
decking. (Photo by C. G. Salmon)
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Figure 1.6.2 Space truss roof grected in sections: also shows plate girder at lower
tevel containing vertical stitfener plates and special stiffening around rectangular
holes through girder web. Upjohn Office Building, Kalamazeo. Michigan. (Photo
courtesy Whitehead and Kales Company)

Shell-Type Structures

In this type of structure, the shell serves a use function in addition to participation in
carrying loads. One common type where the main stress is tension is the containment
vessel used to store liquids (for both high and low temperatures), of which the elevated
walter tank is a notable example. Storage bins, tanks, and the hulls of ships are other
examples. On many shell-type structures, a framed structure may be used in conjunc- 8
tion with the shell,

On walls and flat roofs, the “skin™ elements may be in compression while they
act together with a framework. The aircraft body is another such example.

Shell-type structures are usually designed by a specialist and are not within the
scope of this text.
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Suspension-Type Structures

In the suspension-type structure, tension cables are major supporting elements. A roof
may be cable-supported. as shown in Fig. 1.6.6. Probably the most commeon structure
of this type is the suspension bridge. as shown in Fig. 1.6.7. Usually a subsystem of
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Figure 1.6.4  Continuous orthotropic plate girder across Mississippt River at

St. Louis, Missouri. (Photo by C. G Salmom

Dome roof. Brown Uni\--crsiiy auditorium. (Photo courtesy Bethlehem
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Figure 1.6.5 Continuous truss bridge. Outerbridge Crossing. Staten
Island. New York. (Photo by C. G. Salmon}

.

Figure 1.6.6 Cable-suspended roof for Madison Square Garden Sports and

Entertainment Center, New York. (Photo courtesy Bethlehem Steel Corporation)
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Figure 1.6.7 Suspension bridge. Golden Gate Bridge, San Francisco, California.
( Photo by C. G. Salmon)

the structure consists of a framed structure, as in the stiffening truss for the suspension
bridge. Since the tension element is the most efficient way of carrying load, structures
utilizing this concept are increasingly being used.

Many unusual structures utilizing various combinations of framed, shell-type,
and suspension-type structures have been built. However, the typical designer must
principally understand the design and behavior of framed structures.

1.7 SPECIFICATIONS AND BUILDING CODES

Structural steel design of butldings in the United States is principally based on the
specifications of the American Institute of Steel Construction (AISC) [1.5, 1.16].
AILSC 1s comprised of steel fabricator and manufacturing companies, as well as indi-
viduals interested in steel design and research. The AISC Specifications [1.5, 1.16] are
the result of the combined judgment of researchers and practicing engineers. The
research efforts have been synthesized into practical design procedures to provide a
safe. economical structure. The advent of the digital computer in design practice has
made feasibie more elaborate design rules. The current specifications which are re-
ferred to throughout this book are the 1989 Specification for Structural Steel Build-
ings—Allowable Stress Design and Plastic Design [1.5] and the 1993 Load and
Resistance Fuctor Design Specification for Structural Steel Buildings [1.16].
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A specification containing a set of rules is intended to insure safety; however, the
designer must understand the behavior for which the rule applies. otherwise an absurd,
a grossly conservative, and sometimes unsafe design may result. The authors contend
that it is virtually impossible to write rules that fully apply to every situation. Behav-
joral understanding must come first; application of rules then follows. No matter what
set of rules is applicable. the designer has the ultimate responsibility for a safe
structrure.

A specification when adopted by AISC is actually a set of recommendations put
forth by a highly respected group of experts in the field of steel research and design.
Only when governmental bodies, such as city, state, and federal agencies, who have
legal responsibility for public safety, adopt or incorporate a specification such as the
1993 Ioad and Resistance Factor Design Specification {1.16] into their building codes
does it become legally official.

The design of steel bridges is generally in accordance with specifications of the
American Association of State Highway and Transportation Officials (AASHTO)
[1.3]. This is a legal set of rules because it has been adopted by the states (usually the
state highway departments have this responsibility).

Railroad bridges are designed in accordance with the specifications adopted by
the American Railway Engineering Association (AREA) [1.4]. In this case the rail-
roads have the responsibility for safety and through their own organization adopt the
rules to insure safe designs.

The term building code is sometimes used synonymously with specifications.
More correctly a building code is a broadly based document, either a legal document
such as a state or local building code, or a document widely recognized even though
not legal which covers the same wide range of topics as the state or local building code.
Building codes generally treat all facets relating to safety, such as structural design,
architectural details, fire protection, heating and air conditioning, plumbing and san-
itation, and lighting. On the other hand, specifications frequently refer to rules set
forth by the architect or engineer that pertain to only one particular building while
under construction. Building codes also ordinarily prescribe standard loads for which
the structure is to be designed, as discussed in Sec. 1.4.

The reader should not be disturbed by the interchangeable use of building code
and specification, but should clearly understand that which is legally required for
design and that which could be thought of as recommended practice.

1.8 PHILOSOPHIES OF DESIGN

Two philosophies of design are in current use: the working stress design (referred to
by AISC as Allowable Stress Design) and limit states design (referred to by AISC as
Load and Resistance Factor Design). Working stress design has been the principal
philosophy used during the past 100 years. During the past 20 years or so, structural
design has been moving toward a more rational and probability-based design proce-
dure referred to as “limit states” design. Haaijer [1.27] and Kennedy [1.28, 1.29] have
presented the current status of the limit states concept and its use in design. Limit
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states design includes the methods commonly referred to as “ultimate strength de-
sign.” “'strength design.” “plastic design,” “load factor design,” “limit design.” and the
recent “load and resistance factor design (LRFD).”

Structures and structural members must have adequate strength. as well as
adequate stiffness and toughness to permit proper functioning during the service life
of the structure. The design must provide some reserve strength above that which is
needed to carry the service loads; that is, the structure must provide for the possibility
of overload. Overloads can arise from changing the use for which a particular structure
was designed, from underestimation of the effects of loads by oversimplifications in
structural analysis, and from variations in construction procedures. In addition, there
must be a provision for the possibility of understrength. Deviations in the dimensions
of members, even though within accepted tolerances, can result in a member having
less than its computed strength. The materials (steel for members, bolts, and welds)
may have less strength than used in the design calculations. A steel section may
occasionally have a yield stress below the minimum specified value, but still within the
statistically acceptable limits.

Structural design must provide for adequate safety no matter what philosophy of
design is used. Provision must be made for both overload and understrength. The
study of what constitutes the proper formulation of structural safety has been contin-
uing during the past 30 years [1.20, 1.21]. The main thrust has been to examine by
various probabilistic methods the chances ot “failure” occurring in a member, con-
nection, or system.

Rather than refer to “failure” the term “limit state” is preferred. Limit states
means “those conditions of a structure at which it ceases to fulfill its intended func-
tion” {1.28]. Limit states are generally divided into two categories: strength and
serviceabiliry. Strength (i.e., safety) limit states are such behavioral phenomena as
achieving ductile maximum strength (i.e., plastic strength), buckling, fatigue, frac-
ture, overturning, and sliding. Serviceability limit states are those concerned with
occupancy of a building, such as deflection. vibration, permanent deformation, and
cracking.

Both the loads acting on the structure and its resistance (strength) to loads are
variables that must be considered. In general, a thorough analysis of all uncertainties
that might influence achieving a “limit state™ is not practical, or perhaps even possible.
The current approach to a simplified method for obtaining a probability-based assess-
ment of structural safety uses first-order second-moment reliability methods [1.32].
Such methods assume the load (or load effect) O and the resistance R are random
variables. Typical frequency distributions of these random variables are shown in
Fig. 1.8.1. When the resistance R exceeds the load (or load effect) ( there will be a
margin of safety. Unless R exceeds O by a large amount, there will be some probability
that R may be less than §.

Structural “failure” (achievement of a limit state) may then be examined by
comparing R with @, or in logarithmic form observing In(R/Q). as shown in Fig. 1.8.2.
“Failure” is represented by the cross-hatched region. The distance between the failure
line and the mean value of the function [In{R/Q)] is defined as a multiple B of the
standard deviation o of the function. The multiplier 8 is called the reliability index.
The larger is 3 the greater is the margin of safety.
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Figure 1.8.1 Frequency distributions of load @ and resistance R.

As summarized by Pinkham [1.21], the reliability index B is useful in several
ways:

1. It can give an indication of the consistency of safety for various components
and systems using traditional design methods.

2. It can be used to establish new methods which will have consistent margins
of safety.

3. It can be used to vary in a rational manner the margins of safety for those
components and systems having a greater or lesser need for safety than that
required in ordinary situations.
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Figure 1.8.2 Reliability index 8.
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In general. the expression for the structural safety requirement may be writ-
ten as

R, = 27,0, (1.8.1)

where the left side of Eq. 1.8.1 represents the resistance, or strength, of the compo-
nent or system, and the right side represents the load expected to be carried. On the
strength side, the nominal resistance R, is multiplied by a resistance (strength reduc-
tion) factor ¢ to obtain the design strength (also called usable strength or usable
resistance). On the load side of the equation. the various load effects (O, (such as dead
load, live load, and snow load) are multiplied by overload factors %, to obtain the sum
2y, Q, of factored loads.

AISC—Load and Resistance Factor Design (LRFD)

During the past 15 years, the general “limit states design” approach has continued to
gain acceptance, particularly for steel design in the United States with the adoption in
1986 of a Load and Resistance Factor Design Specification by AISC. The latest
version of that Specification is 1993 [1.16], referred to throughout this book as the
AISC LRFD Specification. In Canada. limit states design for steel has been used since
1974, and since 1978 has been the only method used; the latest edition is 1989 [1.19].

The AISC LRFD Specification was developed under the leadership of
T. V. Galambos [1.22-1.26]. The adaptation of probabilistic methods to steel design
and the development of that Specification are explained by Galambos [1.23, 1.25] and
by Galambos and Ravindra [1.24, 1.26].

The safety requirement of the LRFD Specification is given by Eq. [.8.1. This
means the design strength @R, provided by the resulting design must at least equal the
sum X, O, of the applied factored service loads. The subscript { indicates that there
are terms for each type of load @, acting, such as dead load D, live load L, wind load
W. snow load S, and earthquake load E. The v, may be different for each load type.

The AISC LRFD Specification is based on the following:

1. A probability-based model {1.24, 1.26, 1.321.34].

2. Calibration with the 1978 AISC Allowable Stress Design (ASD)
Specification.

3. Evaluation using judgment and past experience, along with studies of repre-
sentative structures conducted by design offices.

The development of probability-based load criteria by Galambos, Ellingwood,
MacGregor. and Cornell [1.32-1.34] led 1o the factored load combinations of the
1982 ANSI Standard, which has become ASCE 7 [1.2]. The ANSI Standard was
developed for use in design with «/f structural materials. 1t is reasonable that the
probability of various loads acting in combination, as well as the probability of
overload with certain types of loads, should be unrelated to the material of which a
structure is built. With this concept in mind. the AISC LRFD Specification adopted
the ANSI factored load combinations. LRFD-A4. | specifies that the following combi-
nations shall be investigated:
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1.4D (1.8.2)
1.2D + 1.6L = 0.5(L, or Sor R) (1.8.3)
1.20 + 1.6(L,or Sor R) — {0.5L or 0.8W) {1.8.4)
1.2D + 1.3W 4+ 0.5L — 0.5(L, or Sor R) (1.8.5)
1.2D = 1.0E + 0.5L + 0.25 (1.8.6)
0.9D = {1.3Wor 1.OE) (1.8.7)

where the nominal service loads indicated by Eqgs. 1.8.2 through 1.8.7 are

D = dead load (gravity load from the weight of structural elements and
permanent attachments)

L = live load (gravity occupancy and movable equipment load)

L, = roof live load

W = wind load

S

E = earthquake load

snow load

R = rainwater or ice load

Note that D, L, W, §, etc. are loads in a general sense, which includes bending moment,
shear, axial force, and torsional moment. Sometimes these internal forces are called
load effects. Thus, the symbol D means dead load. dead load moment, dead load shear,
dead load axial force, etc. An explanation of the statistics relating to snow and wind
load factors is given by Ravindra, Cornell, and Galambos [1.35]. The factors for
earthquake £ are reduced from 1.5 in the 1986 LRFD Specification to 1.0 in the 1993
Specification, This refiects the new earthquake loads of National Earthquake Hazards
Reduction Program (NEHRP) [1.52] and the AISC Seismic Provisions [1.53), which
specify larger earthquake forces than traditionally used.

AISC—Allowable Stress Design (ASD)

The traditional method of the AISC Specitication has been allowable stress design
(also called working stress design). In ASD the focus is on service load conditions
{i.e., unit stresses assuming an elastic structure) when satisfying the safety require-
ment (adequate strength) for the structure. The AISC 1989 Specification for Allow-
able Stress Design is referred to in this book as the ASD Specification.

For Allowable Stress Design, Eq. 1.8.1 may be reformulated as follows:

ﬁ? =S (1.8.8)

In this philosophy all loads are assumed to have the same average variability. The
entire variability of the loads and the strengths is placed on the strength side of the
equation. To examine the equation in terms of Allowable Stress Design for beams, the
left side would represent nominal beam strength M, divided by a factor of safety FS
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(equal to y/d), and the right side would represent the service load bending moment M
resulting from all types of loads. Thus, Eq. 1.8.8 would become

M

— =M 1.8.9

S (1.8.9)

The term Allowable Stress Design implies an elastic stress calculation. Equation

1.8.9 may he divided by #/c (i.e.. the moment of inertia f divided by the distance ¢ from
the neutral axis to the extreme fiber) to obtain stress units. Thus, if one assumes the
nominal strength M, is reached when the extreme fiber stiess is the yield stress F lie.,
M, = F.1/¢), Eq. 1.8.9 will become

Folic M
= e T 8.
FS I/c = Ije (1.8.10)
or
F, _ Mc
F‘Sz[fbg [] (1.8.11)

In ASD the F. /FS would be the allowable stress F, and f, would be the com-
puted elastic stress under full service load. If the nominal strength M, had been based
on achievement of a stress F,, less than F_ because of, say, buckling, then the allowable
stress £, would be F. /FS. Thus, the safety criterion in ASD may be written

F. F.
f = [F,, = F‘g or F, = F;J (1.8.12)

The allowable stresses of the ASD Specification are derived from the strength
capable of being achieved if the structure is overloaded. When the section is ductile
and buckling does not occur, strains greater than the “first ylelding” strain €, = F,/E,
can exist on the section (E, is the modulus of elasticity}. Such ductile inelastic behavior
may permit higher loads tw be carried than possible if the structure had remained
entirely elastic. In such cases the allowable stress is adjusted upward. When the
strength is limited by buckling or some other behavior such that the stress does not
reach yield stress, the allowable stress is adjusted downward.

Serviceability requirements such as deflection limits are always investigated at
service load conditions, whether the LRFD or the ASD design procedure has been
used to satisfy safety requirements.

AISC—Plastic Design

Traditionally, Part 2 of the AISC Specification was called Plastic Design. The 1989
Specificarion for Structural Steel Buildings [ 1.5 | contains Plastic Design in Chapter N.
Plastic Design is a special case of limit states design, wherein the limit state for
strength is the achievement of plastic moment strength M,,. Plastic moment strength
is the moment strength when all fibers of the cross-section are at the yield stress F,
(one side of the neutral axis in tension and the other side in compression). Plastic
design does not permit using other limit states. such as instability, fatigue, or brittle
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fracture. The design philosophy as used by AISC applies to flexural members. includ-
ing beam-columns, and for such members may be expressed by Eq. 1.8.1. Then letting
R, = M, and y,/d = 1.7, Eq. 1.8.1 becomes

M,= 1.7 20, (1.8.13)

The provisions for overinad and for understrength are combined into a single factor 1.7
used for all gravity loads. The nominal strength must be the plastic moment strength
M,. Since plastic design is a special case of limit states design and is covered more
rationally in the AISC LRFD Specification, it is no longer treated as a special topic
as in previous editions of this book. Plastic design becomes a component of LRFD.

The limit states design philosophy as codified in LRFD provides the designer
with a more rational approach to design than has been available in ASD or Plastic
Design, whose philosophies are outlined in Sec. 1.9. Beedle [1.30] provides an excel-
lent summary of the advantages of using LRFD.

1.9 FACTORS FOR SAFETY—ASD AND LRFD COMPARED

Allowable Stress Design (ASD)

The “safety factor” FS used in Egs. 1.8.9 through 1.8.12 was not determined con-
sciously by using probabilistic methods. The values used in the AISC ASD
Specification have been in use for many years and are the result of experience and
judgment. It is clear that the safety required must be a combination of economics and
statistics. Obviously, it is not economically feasible to design a structure so that the
probability of failure is zero. Prior 1o the development of the AISC LRFD
Specification [1.16], the AISC Specifications from 1924 through 1978 did not give a
rationale for the allowable stresses prescribed.

One may state that the minimum resistance must exceed the maximum applied
load by some prescribed amount. Suppose the actual load exceeds the service load by
an amount AQ, and the actual resistance is less than the computed resistance by an
amount AR. A structure that is just adequate would have

R, AR, = Q0 + AQ
R,(1 — AR,/R,) = Q{1 + AQ/Q} (L.9.1)

The margin of safety. or “safety factor,” would be the ratio of the nominal strength R,
to nominal service load Q; or
R [ + AQ/Q
FS = & = ———== 1.9.2
0 "1 BR/R, (192
Equation 1.9.2 illustrates the effect of overload (AQ/Q) and understrength (AR, /R, );
however it does not identify the factors contributing to either. It one assumes that
occasional overload (AQ/Q) may be 40% greater than its nominal value, and that an
occasional understrength (AR, /R,) may be 15% less than its nominal value, then
1 + 04 1.4

= = = 1.65
FS I — 015 085
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The above is an oversimplification but it shows a possible scenario for obtaining the
tradinional AISC value of FS = 1.67 used as the basic value in Allowable Stress
Design. Dividing by 1.67 as indicated in Eq. 1.8.12 gives a multiplier of 0.60 on F.
or £, :

The basic value of 1.67 is used for tension members and beams. and it is the
lower bound for zero-length columns. A value of 1.92 is used for long columns. and
values from 2.5 to 3 are used for connections, However, it must be noted that using
these values for y/¢ in Eq. 1.8.8 still leaves the “real” safety against “‘failure”
unknown!

Load and Resistance Factor Design (LRFD)

As discussed in Sec. 1.8, the factors for overload are variable depending upon the type
of load, and the factored load combinations that must be considered are those given
by the ASCE 7 Standard [1.2] and . RFD-A4. I, and presented as Egs. 1.8.2 through
1.8.7. The other part of the safety-related provisions is the ¢ factor, known as the
resistance factor. The resistance factor ¢ varies with the type of member and with the
limit state being considered. Some representative resistance factors ¢ are as follows,

Tension Members (LRFD-D1)
¢, = 0.90 for yielding limit state
¢, = 0.75  for fracture limit state
Compression Members (LRFD-E2)
¢. = 0.85
Beams (LRFD-F1.1, F1.2, and F2.2)
¢, = 0.90 for flexure
¢, = 0.90 for shear
Welds (LRFD-Table J2.5)
¢ = same as for type of action; i.e., tension, shear etc.
Fasteners (LRFD-Table J3.2 and 13.7)
¢ =075

In order to establish adequate safety using probabilistic methods, the natural
logarithm of the resistance R divided by the load Q, that is, In(R/Q) as shown in
Fig. 1.8.2, may be treated as a random variable. It is simpler than working with two
groups (R and Q) of random variables as in Fig. 1.8.1. When In(R/Q) < 0, the limit
state has been reached, and the shaded area in Fig. 1.8.2 is the probability of this
event. The method used to develop LRFD uses the mean values R, and @, and the
standard deviations oy, and o, of the resistance and load, respectively. Frequently, the
mean values and standard deviations can be estimated even though the actual distribu-
tions cannot be obtained. From these estimated quantities, the standard deviation o
of the In(R/Q) may be approximated as

O—En(l\’/QJ = V.%f + VE) (193)
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where V, = ox/R,,
LfQ = O-Q/Qm

The margin of safety is the distance from the origin to the mean. as shown in
Fig. 1.8.2. and is expressed as a multiple B of i,z .. The distance representing the
margin of safety may be approximated {1.17] as

BO—MLR-’QJ = B\’/V};}? + Vé} = ln(Rm/Qm) (]94’)

Thus. the larger the distance the smaller the probability of reaching the limit
state. The multiplier 8 is called the reliability index. The expression for 5 from
Eq. 1.9.4 becomes

g = ———l“(}f’"/ ) (1.9.5)
VVE+ V3
More discussion of the development of Eq. 1.9.5 is given in the LRFD Commentary
[1.17], by Ravindra and Galambos [1.26], and in NBS Special Publication 577 [1.32].
The treatment of the theory of probability is outside the scope of this book.

Using the factored load combinations given by the ASCE 7 Standard [1.2], the
AISC Task Force and Specification Committee calibrated the LRFD Specification
[1.16] to generally agree with past experience. Thus, the resistance factors ¢ were set
in LRFD with the objective of obtaining the following values of 3:

Objective
Load combinations reliability index g
Dead load + live load (or snow load) 3.0 for members
4.5 for connectlions
Dead load + live loud + wind load 2.5 for members
Dead load + live load + earthquake load 1.75 for members

Because of a lower probability of wind or earthquake occurring with full gravity load,
the reliability index 8 was made lower for those cases. The 8 values for connections
were made higher than for members in keeping with tradition to make connections
stronger than members.

The LRFD Specification (LRFD-A4.) uses six factored load combinations,
given as Eqgs. 1.8.2 through 1.8.7. This was necessary to account for each of the
separate loads (dead, live, roof, wind additive to gravity, wind opposite to gravity, and
earthquake) acting at its maximum lifetime value. Loads other than dead load and the
load being maximized will act at an “arbitrary point-in-time” value. The “arbitrary
point-in-time” value is that value which can be expected to be on the structure at any
time. The arbitrary point-in-time value of live load (L) might be as low as one-quarter
of its mean maximum lifetime load but its distribution widely varies. The arbitrary
point-in-time wind (W) is the maximum daily wind. The “lifetime maximum” is taken
as the 50-year recurrence value.

Thus, each factored load combination and its corresponding load occurring at its
50-year maximum are as follows:
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Load at its fifetime
LRFD Eq. i.cad combination {50 year) maximum

(Ad-1) 14D o Dead load D during
construction: other
loads not present.

(A4-2) 1.2D - 1.6L = 0.55 Live load L

(A4-3) 12D + 1.65 + (0.8Wor 0.5L) Reof load; i.e.. snow
load § or rain R other
than pending effect.

(Ad4-4) 120 + 1.3W + 0.5L + Q.58 Wind load W additive
to dead load,

(Ad4-5)= 120 + 1.0E - 0.5L + 0.28 Earthquake load £
additive to dead load.

{A4-6)% 0.9D — (1.3Wor 1.0E) Wind load Wor

earthquake load £
opposite tc dead lead.

* The sign following .20 0r0.9D istobe taken + or — such as to provide for the more
severe effect,

Nore: Where snow 8 is used in the above equations. except in Formula (A4-3). the
meaning is snow § OR roof live load L, OR rain R other than ponding.

Comparison of LRFD with ASD for Tension Members

The comparison of safety obtained for tension members designed by the two AISC
methods is indicative of the general result expected. Direct comparisons are more
difficult in design of other types of members because the nominal strengths R, are not
necessarily the same in the two methods.

For tension members acted upon by gravity dead and live loads, the resistance
factor ¢ = 0.90, and using Eq. 1.8.3 gives for LRFD

12D + 1.6L = 0.90R, . [1.8.3]
1.33D + 1.78L = R, LRFD

In ASD the factor of safety FS = 1.67 for axial tension, which gives from Eq. 1.8.8
where (y/¢ is the factor of safety)

R/167=20=D+1L [1.8.8]
or
1.67D + 1.67L = R, ASD
Next, dividing Eq. 1.8.3 by Eq. 1.8.8 gives
LRFD 133D + 1.78L 0.8 + 1.07(L/D)

ASD 167D + 1.67L 1+ (L/D)

Since this is a gravity load comparison, LRFD formula (A4-1) [Eq. 1.8.2] must also
be used as L/D approaches zero. Thus, Eq. 1.8.2 gives
1.4D = 0.90R, [1.8.2]
1.56D = R, LRFD

(1.9.6)
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Figure 1.9.1 Comparison of load and resistance factor design with
allowable stress design for tension members.

Dividing LRFD by ASD gives

LRFD 1.56D _ 0.93
ASD 1.67D + 1.67L t + (L/D)

(1.9.7)

Equations 1.9.6 and’1.9.7 are shown plotted in Fig. 1.9.1. The design of tension
members will be about the same in both LRFD and ASD when the live load to dead
load ratio {(L/D) is about 3. As the L/D ratio becomes lower (that is, dead load
becomes more predominant) there will be economy in using LRFD. With L/D ratio
larger than 3, ASD will be slightly more economical, but rarely by more than
about 3%.

1.10 WHY SHOULD LRFD BE USED?

The many advantages of LRED are well-expressed by Beedle [ 1.30], whose listing is
the basis of the following:

1. LRFD is another “tool” for structural engineers to use in steel design. Why
not have the same tools (variable overload factors and resistance factors)
available for steel design as are available for concrete design?
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Adoption of LRFD is not mandatory but provides a flexibility of options to
the designer. The marketplace will dictate whether or not LRFD will become
the sole method.

ASD is an approximate way to account for what LRFD does in a more
rational way. The use of plastic design concepts in ASD has made ASD such
that it no longer may be called an “elastic design™ method.

The rationality of LRFD has always been attractive, and becomes an incen-
tive permitting the better and more economical use of material for some
load combinations and structural configurations. It will also likely lead to
having safer structures in view of the arbitrary practice under ASD of
combining dead and live loads and treating them the same.

Using multiple load factor combinations should lead to economy.

LRFD will facilitate the input of new information on loads and load varia-
tions as such information becomes available. Considerable knowledge of the
resistance of steel structures is available. On the other hand, our knowledge
of loads and their varjiation is much less. Separating the loading from the
resistance allows one to be changed without the other if that should be
desired.

Changes in overload factors and resistance factors ¢ are much easier to
make than to change the allowable stress in ASD.

LRFD makes design in all materials more compatible. The variability of
loads is actually unrelated to the material used in the design. Future
specifications not in the limit states format for any material will put that
material at a disadvantage in design.

LRFD provides the framework to handle unusual loads that may not be
covered by the Specification. The design may have uncertainty relating to
the resistance of the structure, in which case the resistance factors may be
modified. On the other hand, the uncertainty may relate to the loads and
different overload factors may be used.

Future adjustments in the calibration of the method can be made without
much complication. Calibration for LRFD was done for an average situa-
tion but might be adjusted in the future.

Economy is likely to result for low live load to dead load ratios. For high live
load to dead load ratios there will be slightly greater costs.

Safer structures may result under LRFD because the method should lead to
a better awareness of structural behavior.

Design practice is still at the beginning with regard to serviceability limit
states; however, at least LRFD provides the approach.

The rationality of LRFD and its many advantages over ASD (as outlined by
Beedle [1.30]) are indicative that the design philosophy will relegate ASD to the
background in the next few years. It is important, however, that the designer under-
stand both philosophies of design because many structures will continue to be de-
signed using ASD and the designer may frequently need to evaluate structures of the
past. Heger [1.31] provides some interesting thoughts on the difficulties of bridging
the gap between the theory of statistics and probability and the real world of actual
structures.
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1.11 ANALYSIS OF THE STRUCTURE

In general, the structural analysis to obtain the service loads (or load effects bending
moment. shear. axial force. and torstonal moment) on the members 1s performed the
same for LRFD as for ASD. Elastic methods of structural analysis are used except
when the limit state is the plastic collapse mechanism as described in Chapter 10. A
first-order analysis [1.15] is sufficient in usual framed structures that are braced
against sway. In a first-order analysis, equilibrium equations are based on the original
geometry of the structure. This means that the designer is assuming the internal forces
{moments, shears, etc.) are not sufficiently affected by the change in shape of the
structure to justify more complicated analysis. When the elastic displacements are
small compared to the dimensions, this approximation wili be satistactory.

The most common situation where a second-order effect must be considered is
in a multistory structure that must rely on the stiffnesses of the interacting beams and
columns to resist sway under lateral loading (wind and/or earthquake). This 1s the
so-calted unbraced frame. In this case the lateral displacement A (also called sway or
drift) causes additional bending moments due to the gravity loads (2P} acting at
positions that have been displaced by an amount A. The analysis must include this PA
secondary effect. There are varying degrees of sophistication that are used in analysis
to include the PA effects. In both ASD and LRFD the second-order effects may be
computed as a part of the analysis or they may be accounted for using formulas in the
Specifications [1.5, 1.16] or Commentaries [1.6, 1.17].

The emphasis in this book is on designing the members to have adequate strength
and proper serviceability, rather than on structural analysis. The reader is referred to
Wang and Salmon [1.15] for basic structural analysis topics. Other references
specifically related to analysis for unbraced frames are given in Chapter 14,

Most examples in this book use given service loads, or service load effects,
acting on the structural member to be designed. These values are to be assumed the
result of structural analysis. The service loads are to be factored using Egs. 1.8.2
through 1.8.7 for design in LRFD, but used as given in ASD.
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Chapter 2

Steels and Properties

2.1 STRUCTURAL STEELS

During most of the period from the introduction of structural steel as a major building
material until about 1960, the steel used was classified as a carbon steel with the
ASTM (American Society for Testing and Materials) designation A7, and had a
minimum specified yield stress of 33 ksi. Most designers merely referred to “steel”
without further identification, and the AISC Specification prescribed allowable
stresses and procedures only for A7 steel. Other structural steels, such as a special
corrosion resistant low alloy steel (A242) and a more readily weldable steel {(A373),
were available but they were rarely used in buildings. Bridge design made occasional
use of these other steels.

Today (1995) the many steels available to the designer permit use of increased
strength material in highly stressed regions rather than increase the size of members.
The designer can decide whether maximum rigidity or least weight is the more desir-
able attribute. Corrosion resistance, hence elimination of frequent painting, may be a
highly important factor. Some steels oxidize to form a dense protective coating that
prevents further oxidation (corrosion), acquiring a pleasing even-textured dark red-
brown appearance. Since painting is not required, it may be economical to use these
“weathering steels” even though the initial cost is somewhat higher than traditional
carbon steels.

Certain steels provide better weldability than others; some are more suitable
than others for pressure vessels, either at temperatures well above or well below room
temperatures.

Structural steels are referred to by ASTM designations, and also by many
proprietary names. For design purposes the vield stress in tension is the material
property that specifications, such as AISC, use to establish strength or allowable
stress. The term yield stress is used to include either “yield point,” the well-defined
deviation from perfect elasticity exhibited by most of the common structural steels; or
“yield strength”, the unit stress at a certain offset strain for steels having no well-
defined yield point. Today (1995) steels are readily available having yield stresses
from 24 to 100 kst (170 to 690 MPa).
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John Hancock Center, Chicago. showing exterior diagonal
bracing. (Photo by C. G. Salmon)

Steels for structural use in hot-rolled applications may be classified as carbon
steels, high-strength low-alloy steels, and alloy steels. The general requirements for
such steels are covered under ASTM A6/A6GM Specification [ 1.8]. Table 2.1.1 lists the
common steels, their minimum yield stresses, and tensile strengths. Their common
uses are given in Table 2.1.2.

Carbon Steels

Curbon steels are divided into four categories based on the percentage of carbon: low
carbon (less than 0.1 5%); mild carbon (0.15-0.29%): medium carbon (0.30-0.59%);
and high carbon (0.60—1.70%). Structural carbon steels are in the mild carbon cate-
gory; a steel such as A36 has maximum carbon varying from 0.25 to 0.29% depending
on thickness. Structural carbon steels exhibit definite yield points as shown on curve
(a) of Fig. 2.1.1. Increased carbon percent raises the yield stress but reduces ductility,
making welding more difficult.



2.1 STRUCTURAL STEELS 43

The carbon steels given in Table 2.1.1 are A36 [2.1]. A53 [2.2]. AS00 [2.9].
AS01 [2.10]. A529 [2.12]. A570 [2.13]. A611 [2.18]. and A709 [2.30]. Grade 36.

High-Strength Low-Alloy Steels

This category includes steels having yield stresses from 40 to 70 ksi (275 1o 480 MPa),
exhibiting the well-defined yield point shown in curve (b) of Fig. 2.1.1. the same as
shown by carbon steels. The addition to carbon steels of small amounts of alloy
elements such as chromium. columbium, copper, manganese, molvbdenum. nickel.
phosphorus. vanadium, or zirconium, jmproves some of the mechanical properties.
Whereas carbon steels gain their strength by increasing carbon content, the alloy
clements create increased strength from a fine rather than coarse microstructure
obtained during cooling of the steel. High-strength low-alloy steels are used in the
as-rolled or normalized condition; i.e., no heat treatment is used.

The high-strength low-alloy steels of Table 2.1.1 are A242 [2.3], A44] [2.6].
A572[2.14], AS88[2.15]. A606 [2.16], A607 [2.17], A618 [2.19], and A709 [2.20],
Grades 50 and 50 W.

Alloy Steels .

Low-alloy steels may be quenched and tempered to obtain yield strengths of 80 to
F10 kst (550 to 760 MPa). Yield strength is usually defined as the stress at 0.2% offset
strain, since these steels do not exhibit a well-defined yield point. A typical stress-
strain curve is shown in Fig. 2.1.1, curve (c). These steels are weldable with proper
procedures, and ordinarily require no additional heat treatment after they have been
welded. For special uses, stress relieving may occasionally be required. Some carbon
steels, such as certain pressure vessel steels, may be quenched and tempered to give
yield strengths in the 80 ksi (550 MPa) range, but most steels of this strength are
low-alloy steels. These low-alloy steels generally have a maximum carbon content of
about 4.20% to limit the hardness of any coarse-grain microstructure (martensite) that
may form during heat treating or welding, thus reducing the danger of cracking.

The heat treatment consists of quenching [rapid cooling with water or oil from
at least 1650°F (900°C) to about 300—400°F]; then tempering by reheating to at least
I150°F (620°C) and allowing to cool. Tempering, even though reducing the strength
and hardness somewhat from the quenched material, greatly improves the toughness
and ductility. Reduction in strength and hardness with increasing temperature is
somewhat counteracted by the occurrence of a secondary hardening, resulting from
precipitation of fine columbium, titanium, or vanadium carbides. This precipitation
begins at about 950°F (510°C) and accelerates up to about 1250°F (630°C). Tempering
at or near 1250°F to get maximum benefit from precipitating carbides may result in
entering the transformation zone, thus producing the weaker microstructure that
would have been obtained without quenching and tempering.

In summary, the quenching produces martensite, a very hard, strong, and brittle
microstructure; reheating reduces the strength and hardness somewhat while increas-
ing the toughness and ductility. For more detailed information concerning the metal-
lurgy of the quenching and tempering process, the reader is referred to the Welding
Handbook [2.23]. The quenched and tempered alloy steels of Table 2.1.1 are A514
[2.11], A709 [2.20], Grades 100 and 100 W, A852 [2.22], and A913 [2.46].
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TABLE 2.1.1 PROPERTIES OF STEELS USED FOR BUILDINGS
AND BRIDGES
Fy,
Minimum . F, Maximum
yield Tensile thickness ASTM AB
stress strength for plates groups”
ASTM! ksi ksi in. for
designation (Mpa)* (MPa)* {mm) shapes
A36 32 38-80 Over § —
(220) (400-330) {200
36 58-80 To 8 All
{250 (400-530) {200)
AS53 Grade B 35 (2400 60 (413
A242 42 63 Over 1104 4.3
(290 (433) (40 o 100)
46 67 Overtwo 11 3
(313 (460) {20 10 40)
50 70 To 2 1.2
(345) (480) (20)
Ad41 Discontinued 1989; replaced by A572
AS00 Grade A 33 (228) 45 (310) Round
Grade B 42 (290 58 (400) Round
Grade C 46 (317) 62 (427) Round
Grade A 39 (269) 45 (310) Shaped
Grade B 46 {317 58 (400) Shaped
Grade C 30 (345) G2 (427 Shaped
AS10 36 (250) 58 (400)
AS14 90 100-130 Over 2110 6
(620) (690-895) (63 0 150}
100 110-130 To 25
(690) (760-895) (65)
AS529 Grade 4