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Introduction

ABOUT THIS BOOK

The main purposc of this book, Stee! Design for the Civil PE and Structural SE Exams,
is to be a study reference for engineers and students who are preparing to take cither
the civil structural PE exam or the structural SE exam, both of which are given by the
National Council of Examiners for Engineering and Surveying (NCEES). These
exams—even the breadth section of the civil PE exam, which is more general in its
scope—ofien contain structural questions that go beyond the basics. If you want to be
prepared for all questions in steei design, this book will give you the thorough review
you need.

However, anyone who wants to leam more about the most current steel design methods
can benefit from this book. It can serve as a guide for those whe are studying on their
own or as a text in a formal course.

After a quick review of some basics in the carly chapters, each chapter in tum explores
in greater detail a different aspect of steel design. Among the topics covered are

¢ loads and load combinations

¢ analysis methods

e design of beams, columns, and plate girders
e design of members under combined stresses
» design of composite members

s  bolted and welded connections

Many examples are included with detailed, step-by-step solutions to show you how to
attack various kinds of problems and apply the relevant AISC criteria. The principles,
equations, and information that you’ll learn in this book are those you will necd to
solve the kinds of problems in structural steel that you’re most likely to cncounter on
the civil structural PE and structural SE exams.

WHAT YOU'LL NEED AS YOU STUDY

Steel Design for the Civil PE and Structural SE Exams is designed to complement and
be used with PPI's Civil Engineering Reference Manual (CERM) or Structural
Engineering Reference Manual (STRM). If you're studying for the civil PE exam or
the structural SE exam, then your basic text should be CERM or STRM, respectively.

As you study this book, you will also nced to have by your side the Steel Construction
Manual, thisteenth edition, published by the American Institute of Steel Construction
(hereafier referred to as the AISC Manual). An carlier edition will not suffice, as the
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changes introduced in the thirtcenth edition are substantial. This book explains and
clarifics those aspects of the AISC Manual that are most likely to come up during the
civil PE and structural SE exams. But it isn’t a substitute, and the text will frequently
assume that you can refer to the AISC Manual when nceded.

In the text, references to chapters, sections, figures, tables, and equations in the A/SC
Manual are so labeled, such as “AISC Manual Table 4-13” or “AISC Eq. J104.”
References that don’t specify a source refer to this book; for example, “Figure 6.2” will
be found in Chap. 6 of this book.

HOW TO USE THIS BOOK

Each chapter in this book treats a different topic. If you only want to brush up on a few
specific subjects, you may want to study only those particular chapters. However, later
chapters frequently build on concepts and information that have been set out in earlier
chapters, and the book is most easily studied by reading the chapters in order.

The civil PE and structural SE exams are open book, so as you study it is a good idea to
mark pages in both the AISC Manual and this book that contain important information,
such as tables, graphs, and commoaly used equations, for quick reference during the
exam. (Some states don't allow removable tabs in books brought into the exam. Check
with your state board, or use permanent tabs.) Become as familiar as possible with this
book and with the AISC Manual. Remember that preparation and organization are just
as important to passing the PE and SE exams as knowledge is.

Throughout the book, example problems illustrate how to use the standard design
principles, methods, and formulas to tackie common situations you may encounter on
the exam. Take your time with these, and make sure you understand each example
before moving ahead. Keep in mind, though, that in actual design situations there are
often several comrect solutions to the same problem.

In the last chapter, you'll find 37 practice problems. These are multiple-choice
problems similar in scope, subject matter, and difficulty to problems you’li encounter
on the breadth and depth sections of the civil PE exam or the breadth sections of the
structural SE exam. Thesc problems cover the full range of steel design topics and
show the variety of approaches needed to solve them. The topics covered by the
problems are listed in Table 1.1 at the end of this introduction.

When you feel comfortable with the principles and methods taught by the example
problems, work these practice problems under exam conditions. Try to solve them
without referring to the solutions, and limit yourself to the tools and references you’ll
have with you during the actual exam—an NCEES-approved calculator, pencil and
scratch paper, and the references you plan to bring.

After studying this book, you should be able to solve most common problems in
structural steel, both on the exams and in real design applications.




INTRODUCTION

TWO DESIGN METHODS: LRFD AND ASD

Steel design problems on the PE and SE cxams may be solved using cither the load and
resistance factor design (LRFD) method or the allowable strength desipn (ASD)
method. You should plan to use whichcver method is most familiar to you. If your
classes in school emphasized one method, or if you routinely use one method at your
job, then you should use that method on the exam.

This book covers both methods. The prnciples that underlic the two methods arc
explained and compared in Chap. 3. Throughout the book, wherever the LRFD and
ASD methods use different equations for a calculation, they are both given and
explained.

A particularly useful feature of this book is that cxample problems and practice
problems are not given separatc LRFD and ASD solutions. Instead, a single solution is
presented for each problem, and when a step or a calculation is different in the two
methods, the two versions are displayed side by side. This makes it very easy to
compare the LRFD and ASD methods and sec where they are similar and where they
differ. In some solutions, you'll find that the LRFD and ASD methods are substantially
the same, differing in only one or two calculations along the way. In others, you'll find
that every calculation from beginning to end is different. Whichever method you are
studying, your understanding of both methods and how they are related will increasc as
you use this book.

ABOUT THE EXAMS

The NCEES PE exam in civil cngineering is an eight-hour exam consisting of two
four-hour sections, which arc separated by a one-hour lunch period. Each section
contains 40 multiple-choice problems, and you must answer all problems in a section to
receive full credit. There are no optional questions. The breadth section is taken in the
morning by all examinees, and may include general steel problems. In the afternoon,
you must select one of five depth sections: water resources and environmental,
geotechnical, transportation, construction, or structural. The structural depth section
covers a range of structural engineering topics including loads, anatysis, mechanics of
materials, materials, member design, design criteria, and other topics.

The structural engineering (SE) exam is a 16-hour cxam given in two parts, each part
consisting of two four-hour sections separated by a one-hour lunch period. The first
part—vertical forces (gravity/other) and incidental lateral—is given on a Friday. The
second part—lateral forces (wind/earthquake)—takes place on a Saturday.

Each part contains a breadth section, which is given in the moming, and a depth
section, given in the afternoon. Each breadth section contains 40 multiplechoice
problems that cover a range of structural engineering topics specific to vertical or
lateral forces. Each depth section contains either three or four essay (design) problems.
For each of the depth sections, you have a choice between two subject arcas, bridges
and buildings, but you must choose the same area for both depth sections. That is, if
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you choose to take the buildings depth scction during the first part, you must also take
the buildings depth section during the second part.

According to NCEES, the vertical forces (gravity/other) and incidental lateral depth
section in buildings covers loads, latcral carth pressures, analysis methods, gencral
structural considerations (e.g., clement design), structural systems integration (e.g.,
conncctions), and foundations and retaining structures. The depth scction in bridges
covers gravity loads, superstructures, substructures, and lateral loads other than wind
and seismic. It may also require pedestrian bridge and/or vehicular bridge knowledge.

The lateral forces (wind/carthquake) depth scction in buildings covers lateral forces,
lateral force distribution, analysis methods, general structural considerations (e.g.,
element design), structural systems intcgration (e.g., conncctions), and foundations and
retaining structures. The depth section in bridges covers gravity loads, superstructures,
substructures, and lateral forces. It may also require pedestrian bridge and/or vehicular
bridge kmowledge.




INTRODUCTION

Table 1.1 List of Practice Problems in Chap. 13

problem topic page

| W-column capacity with weak axis reinforcement 13-1

2 single angie truss tension member 134

3 double angle truss compression member 13-6

4 anchor rod moment capacity with combined shear and tension 13-7

5 rectangular HSS with biaxial flexure 13-11
6 composite concrete-encased steel column 13-13
7 composite concrete-filled HSS column 13-16
8 composite steel W-beam 13-18
9 increasing W-beam capacity by installing intermediate support 13-25
10 biaxial flexurc on pipe 13-28
11 welded connection for eccentric load on flange bracket 13-32
12 plate girder bearing stiffener 13-33
13 column base plate 13-38
14 singie angle flexural capacity 13-40
15 W-column with biaxial flexure 1343
16 rectangular HSS beam with biaxial flexure 1345
17 W-hanger with tension and biaxial flexure 1346
18 weak axis flexurc for built-up H-section 13-50
19 shear capacity for rectangular HSS 13-52
20 nct section for staggered holes (chain of holes) 13-53
21 tensile capacity for HSS with holes 13-56
22 torsional capacity of rectangular HSS58 13-58
23 welded connection for gusset plate subject to tension and shear 13-59
24 shear capacity for composite concrete-filled HSS 13-61
25 welded connection, single angle tension member to gusset plate  13-63
26 bolted connection, single angle tension member to gusset plate 13-65
27 tension flange reduction for holes 13-66
28 shear stud design for composite beam 13-68
29 W-column subject to compression ioad and biaxial flexure 13-69
30 plate girder: web-to-flange weld 13-71
31 single anglc compression 13-74
32 combined torsion and flexure on rectangular HSS 13-76
i3 bolted moment connection analysis 13-80
34 strong axis flexure for cantilever beam [3-84
35 W-column with strong axis bending 13-87
36 bolted connection for cccentric load on flange bracket 13-90
37 bolted conacction for gusset plate subject to tension and shear 13-92
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Structural Steel

1. THE DEVELOPMENT OF STRUCTURAL METALS

Since the mid-1890s, structural stecl has been the principal metal used in the
construction of bridges and buildings. Before this time, however, other metals such as
cast iron and wrought iron were favored.

Cast iron was developed in China in the sixth century B.C. It was introduced to western
Europe in the 15th century, where it was used mostly for weaponry, including cannons
and shot. In the 18th century, new manufacturing tcchniques made cast iron cheap
enough and available in large enough quantities to become a practical building
material, and in the late 1770s, the first cast-iron bridges were built in England.
Because cast iron is strong in compression but relatively brittle, these bridges were
usually arch-shaped to minimize tensile stresses.

By the 1820s, mills had begun rolling rails for railroads. At first, most of these rails
were made from wrought iron. Wrought iron had been manufactured in western Europe
since the Middle Ages, but in the 1820s it was not yet widely used in building. As
processes improved, however, wrought iron became more plentiful and of better
quality, and around 1840, wrought iron began to replace cast iron in building. Cast iron
was effectively abandoned as a structural matcrial by the end of the century, due in part
to the catastrophic collapses of a number of cast-iron railway bridges between the
1840s and 1890s.

In the [850s, improvements in the manufacturing process made steel production faster
and cheaper. Steel, which had previously been expensive and thus used maicly for
small items such as kmives, became practical for use as a building material.

The rolling of wrought-iron rails evolved into the rolling of I-shaped beams by the
1870s. At first, these beams were manufactured in both wrought iron and steel, but
steel could be produced with less effort and in greater quantity. Shapes rolled in steel
gradually replaced the wrought-iron shapes, and steel almost completely dominated
construction by 1900.

2. THE STANDARDIZATION OF STEEL

In 1896, the Association of American Steel Manufacturers began standardizing the
rolling of beams and establishing their regular depths and weights. These beams were
called American standard beams or /-beams, and eventually became known as S-beams
(for standard). The inside surfaces of the flanges of S-beams have a slope of
approximately 16.7%. Sizes for S-beams are given in true depths rather than nominal
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depths. S-beams range in depth from 3 in to 24 in, and in weight from 5.7 Ibf to 121 [bf
per lincar foot.

In 1900, the National Stecl Fabricators Association, which later became the American
Institute of Steel Construction (AISC), in conjunction with the American Society for
Testing and Materials (ASTM), began standardizing the configuration of shapes,
weights, teosile strengths, and yicld strengths for various structural steel products.
The AISC published Steel Construction in 1923, which established a basic allowable
working stress of 18,000 psi (pounds per square inch) for rolled steel. This value
remained in effect through several revisions of the code until 1936, when it was
increased to 20,000 psi.

With the development of new, stronger steels, higher allowable working stresses
became warranted. With the sixth edition of the Manual of Steel Construction,
published by AISC in 1963, the basic allowable working stress was increased to
24,000 psi for steels with a yield strength of 36,000 psi. By changing the chemical
composition of the steel, factories could produce a variety of types of steel. Yield
points ranged from 33,000 psi to 50,000 psi, depending on the steel’s chemical
composition and thickness. Later, through further development of the manufacturing
process, steels were produced with yield points up to 100,000 psi depending on alloy
composition, thickness of material, and heat treatment.

Structural steels are commonly referred to by the designations given by the ASTM,
which are based on a steel’s characteristics and chemical composition. Generally,
structural steels are divided into threc groups: carbon steels, high-strength low-alloy
(HSLA) steels, and quenched and tempered alloy steels. Carbon steels are usually
divided into four categorics according to the percentage of carbon they contain.

e Low carbon steel contains less than 0.15% carbon.

e Mild carbon steel contains between 0.15% and 0.29% carbon.

¢ Medium carbon steel contains between 0.30% and 0.59% carbon.
e High carbon steet contains between 0.60% and 1.70% carbon.

One of the most common structural steels, ASTM A36, has a yield point of 36 ksi (kips
per square inch) and belongs to the mild carbon category. ASTM A36 steel was used
extensively in rolled shapes from 1963 until 2000, whea ASTM specification A992, for
steel with a yield point of 50 ksi (an HSLA steel), supplanted A36 steel for wide-flange
(W shape) rolled beams.

PPl » www.ppl2pass.com
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STRUCTURAL STEEL

Regardless of type, there are three important characteristics that remain constant for all
steels. They are

e modulus of clasticity: E = 29,000 ksi
e shear modulus of elasticity: G = 11,200 ksi
» cocfficient of lincar cxpansion: € = 0.00065 per 100°F change in temperature.'

It is important when using these constants to make sure the units (pounds per inch or
kips per inch) arc consistent within the requirements of the formulas. This is
particularly truc when taking a root of a constant or raising a constant to a power.

There arc two common methods of designing steel structures. The method of design
specified in the first cight editions of the AISC Manual of Steel Construction was
allowable stress design, an older form of what is now known as allowable strength
design (ASD). In 1986, AISC gave support to a newer, aliemative method of design
when it published the first edition of the Manual of Steel Construction: Load and
Resistance Factor Design (LRFD). From 1986, both methods of design and analysis
were widely used and permitted for use by building codes, but until 2005, they
continued to be covered in separate manuals. In 1989, a ninth edition of the carlier
book was published under the title Manual of Steel Construction: Allowable Stress
Design. Second and third cditions of the LRFD Manual were published in 1998 and
2001, respectively.

Supplement No. | to the Specification for Structural Steel Buildings was approved on
December 17, 2001, and altered some provisions in the Manual of Steel Construction:
Allowable Stress Design. AISC published Errata List, Septemnber 4, 200! for editorial
corrections made to the Load and Resistant Factor Design Specifications for Structural
Steel Buildings, which was dated December 27, 1999, and contained in the third edition
of the LRFD Manual.

In 2005, the AISC published the Stee!/ Construction Manual, which for the first time
incorporated both load and resistance factor design and allowabie strength design, the
latter being a modified form of allowablc stress design. All versions of the AISC
Marnual of Steel Construction, whether for ASD or LRFD, are treated as carlier editions
of the Steel Construction Manual.

3. STRUCTURAL SHAPES

Structural steel comes in a variety of shapes. Most shapes are designated by a letter that
indicates the shape serics, followed by the nominal depth of the member, and the unit
weight per linear foot.

There are four series of shapes that are collectively referred to as I- or H-beams
because their cross-sectional shape resembles those uppercase letiers. These are the
W. M, S, and HP series, with the W series being the most commonly used.

"This is the value as given in the AISC Steel Construction Manual. The coefficient of lincar
expansion is also sometimes expressed as 6.5 % 107 per °F change in temperature.

PPl » www.ppiZpass.com
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WT, MT, and ST sections arc T-shaped mcmbers produced by cutting W, M,
and S members longitudinally down the centcr of the web to make two T-shaped
members of equal size.

Table 1.1 gives information on some commonly used I- and T-beams. Table 1.2 gives

STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL 3SE EXAMS

information on some channels, angles, and hollow structural shapes (HSS) and pipes.

Table 1.1 W, M, S, HP, WT, MT, and ST Series Shapes

depth weight
range range
scrics | cxample (in) (Ibf/ft) description
w Wig x50 | 4-44 8.5-798 | wide-flange sections
e inside and outside faces of flanges
are parallel
M M8 x 6.5 4-12 3.7-11.8 | miscellaneous beams
» section proportions do not
conform to requiremeats of W, S,
or HP sections
» inside and outside faces of flanges
are parallel
S §12x 35 3-24 5.7-121 | American standard beams
¢ inside face of flange slopes
16.66%
HP | HPIOx57 | 8-14 36-117 | H-piles, or bearing piles
e inside and outside faces of flanges
are parallel
e web and flange thickness are
nominally equal, as are beam
depth and flange width
WT | WT15x74 | 2-22 | 6.5-296.5 | structural tees
MT MT7 x9 2-6 3.0-59 | e fabricated by cutting W, M, and S
ST | sTax115 | 1.5-12 | 2.85-60.5 sections longitudinally along the
web center

PPl » www.ppiZpass.com



STRUCTURAL STEEL

Table 1.2 Channels, Angles, and Hollow Structural Shapes and Pipes

depth weight
range range
serics cxample (in) (1bf/R) description
C Ci0 =20 3-15 3.5-50 American standard channels
* inside face of flange slopcs
16.66%
MC MC8 x 20 6-18 12-58 miscellaneous channels
¢ scction proportions do not
coaform to requircments of
American standard channels
» inside face of flange slopes
16.66%
L Lax3x', | 2x2x' | 1.67-57.2 | angles (L shapes)
to ¢ cqual and unequal legs
8x8x1' * long leg is always listed first
HSS | HSS8 x4 x '/, 1.25-20 1.77--127 | rectangular and square hollow
structural sections
e dcsignated by long face x
short face x wall thickness
HSS | HSS4 x 0.125 4-20 5.18-104 | round hollow structural sections
round e designated by diameter x
wall thickness
pipe | 3 in std. pipe 0.5-12 0.582-72.5 | standard steel pipe (std.)
3 in X strong extra strong pipe (X strong)
pipe
Jin XX doublc extra strong pipe
strong pipe (XX strong)
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Loads and
Load Combinations

Nomenciature

D dead load lbf

E carthquake (seismic) load Ibf

F load due to fluids with well-defined pressures and maximum Ibf
heights

H load due to lateral carth pressure, ground water pressure, or 1bf
pressure of bulk materials

L live load 1bf

L, roof live load Ibf

R rain load ibf

R strength Ibf

S snow load Ibf

T self-straining force Ibf

w wind load Ibf

Subscripts

a required (ASD)

u required (LRFD)

1. GENERAL

Whea designing a structure, the types and magnitudes of loads that will be imparted to
that element or structure must be considered. The loads may act individually or in a
variety of combinations. Therefore, it is importast to determine the individual foad or
the combination of loads that will produce the maximum load on the element being
designed.

Most codes incorporate the types, magnitudes, and combinations of loads specified in
ASCE Standard 7, Minimum Design Loads for Buildings and Other Structures
(ASCE 7), published by the American Society of Civil Engineers (ASCE). For
example, the AISC Steel Construction Manual, published by the American Institute of
Steel Construction (AISC), no longer gives information about loads and load
combinations, but has incorporated, by refercnce, the loads and load combinations
specified in ASCE 7.
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2. LOAD TYPES

ASCE 7 Table 4.1 gives the minimum live loads, both uniformly distnbuted and
concentrated, that are to be used in the design of buildings and other structurcs.
ASCE 7 Table C3-1 gives a list of uniform dead loads for common building materials.

Table 1607.1 of the International Building Code (IBC) also lists thc minimum
uniformiy distributed live loads and the minimum concentrated live loads that various
structures must be designed for. Though the IBC is based on ASCE 7, there are some
differences between the two: therefore, when calculating loads it is important to use
oanly the code that is specified.

3. LOAD COMBINATIONS

Unless otherwise specified by a local code with jurisdiction over a project, the load
combinations given in the AISC Steel Construction Manual (AISC Manual) should be
used in designing steel structures. The AISC basic load combinations are derived from
ASCE 7, and include combinations for both allowable stress design (ASD) and load
and resistance factor design (LRFD). The number of combinations can be extensive,
taking into consideration wind direction, unbalanced snow loads, or any number of
other variables. It is not unusual for computer printouts with 20 to 30 or even more load
combinations to be generated.

Fortunately, not all structural members will be subjected to cvery type of load.
Therefore, a number of terms may drop out of the load combination formulas.

Load Combinations for Allowable Strength Design

The following arc the basic load combinations used with ASD, as given in ASCE 7
Sec. 2.4.1.

D+F 2.1

D+H+F+L+T 22

D+H+F+(L orSorR) 23
D+H+F+0.75(L+T)+0.75(L, or S or R) 2.4
D+H +F+(W or 0.7E) : 25

D+ H +F +0.75(W or 0.7E) +0.75L +0.75(L, or § or R) 26
06D+W+H 27

0.6D+0.7E+H 28
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In 2001, Supplement No. I to the Specifications for Structural Steel Buildings
climinated a provision from the ninth cdition of the Manual of Steel Construction:
Allowance Stress Design that permitted an increase of 33% in allowable stress for any
load or load combination incorporating a wind load, W, or carthquake load, E. (This
provision had never applied to the LRFD method.)

Example 2.1
Calculating Load Using ASD

The loads on a steel beam consist of 15 kips due to dead load and 41 kips due to live
load. No other loads nced to be considered. Using ASD, calculate the required strength
of the beam.

Solution

The required strength is the greatest value among the combinations in Eq. 2.1 through
Eq. 2.8. As the values of all variables but D and L are zero, Eq. 2.2 can be reduced to

D+ L =15 kips + 41 kips
=56 kips

Because all other variables are zero, ao other combination has a sum greater than
D + L. The required strength is therefore given by the combination R, = D + L =
56 kips.

Load Combinations for Load and Resistance Factor Design

The following arc the basic load combinations used with load and resistance factor
design (LRFD), as given in ASCE 7 Sec. 2.3.2.

1.4(D+F) 29

1.2(D+F +T)+1.6(L+H)+0.5(L_orS orR) 2.10
1.2D+1.6(L, or S or R)+(L or 0.8%) 2.11
1.2D+1.6W +L+0.5(L, or S or R) 2.12
1.2D+1.0E+L+0.2S8 213

09D +1.6W +1.6H 2.14
09D+1.0E+1.6H 2.15
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Example 2.2
Calculating Load Using LRFD

The loads on a steel beam consist of 15 kips due to dead load and 41 kips due to live
load. No other loads need to be considered. Using LRFD, calculatc the required
strength of thc beam.

Solution

The required streagth is the greatest value among the combinations in Eq. 2.9 through
Eq. 2.15. As the values of all variables but D and L are zcro, Eq. 2.9 can be reduced to

1.4D =(1.4)(15 kips)
=21 kips

Eq. 2.10 can be reduced to

1.2D+1.6L=(1.2)(15 kips) +(1.6)(41 kips)
=83.6 kips

Because all other variables are zero, none of the other combinations can have a sum
greater than 1.2D + 1.6L. The required strength is therefore given by the combination
R, = 1.2D + 1.6L = 83.6 kips.

4. MOVING LOADS

The loads listed in the previous section are generally considered to be static loads or
applied as static loads. In addition to these, moving loads, such as vehicles on bridges
and traveling cranes on or in buildings, may also need to be determined. For example,
Scc. 4.10 of ASCE 7 specifies that, to allow for induced vertical impact or vibration
force, the maximum wheel loads of a powered crane shall be increased by the
percentages given in Table 2.1.

Table 2.1 Increasa for Vertical impact Force from Crane Load

crane type percentage of increase
powered monorail 25%
powered bridge, cab operatcd 25%
powered bridge, remotely operated 25%
powered bridge, pendant operated 10%
hand-geared bridge, trolley, and hoist no increase

Source: ASCE 7 Sec. 4.10.2

Powered cranes are also considered to create lateral and longitudinal forces on their
runway beams (ASCE 7 Sec. 4.10). The lateral force on a runway beam is taken as
20% of the sum of the cranc’s rated capacity and the weight of the hoist and trolley.
The longitudinal force on a runway beam is taken as 10% of the crane’s maximum
wheel loads. Both forces are assumed to act horizontally at the beam surface, the lateral
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force acting in ecither dircction perpendicular to the beam and the longitudinal force
acting in cither dircction parallel to the beam.

5. IMPACT LOADS

When a live load will impant a greater-than-ordinary impact load to a structure, the
increased load is usually taken into consideration by increasing the weight of the
equipment by a certain amount. Table 2.2 gives the percentages of increasc that
ASCE 7 Scc. 4.7 specifies should be applied to the static load to account for induced
vertical impact or vibration force from various causes.

Table 2.2 Increase for impact Load

load percentage of increase
clevators and elevator machinery 100%
reciprocating and power-driven machinery 50%
hangers supporting floors or machinery 33%
light machinery, driven by a shaft or motor 20%

Source: ASCE 7 Sec. 4.7

PPl » www.ppiZpass.com
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Design and Analysis
Methods for Structural Stee!

Nomeaclature

D dead load Ibf

F, tensile strength [bffin?
F, minimum yield stress Ibf/in®
FS factor of safety -

L live load Ibf

o} nominal effect of load of type i Ibf
R, required strength (ASD) Ibf

R, nominal strength lbf

R, required strength (LRFD) Ibf
Symbols

Y effective load factor -

Vi load factor for load of type i -

r section property in’, in’, in*
¢ resistance factor (LRFD) =

Q safety factor (ASD) =

1. ALLOWABLE STRENGTH DESIGN (ASD)

Before steel design was formalized, a variety of methods were used to design stcel
structures. Some were not much more sophisticated than trial and error, but others
involved running tests in which steel members were loaded until they failed, and then
using the results to determine a maximum allowable safe load for each size and type
of member. This approach was the forerunncr to allowable stress design, which
later became allowable strength design.

In 1923, the American Institute of Steel Construction (AISC) formalized the
procedures for designing structural steel members. By then, enough testing had been
performed that results were consistently predictable. A steel member can fail in a
number of different ways, such as by buckling or by rupturing. For each such Jailure
mode, the amount of stress that would cause a member to fail in that way could be

ey
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determined. A safety factor was assigned to each failure mode based on its effects on a
structure and its occupants.

Allowable stress design was stated in terms of keeping induced stresses less than
allowable stresses, each allowable stress being equivalent to cither the yicld stress or
tensile stress of the steel member, depending on the failure mode being considered,
divided by the appropriate safety factor for that mode.

e calculated stress < allowable stress

e allowable stress = (yicld stress, F,, or tensile stress, F,) + appropriatc safety
factor, FS

These relationships are combined and described by the following equation.

ZQf<Fy0rF;
r ~  FS

3.1

In Eq. 3.1, Q; is the nominal effect of a load of type i and T is the appropriatc section
property (such as gross area, nct area, effective arca, and so on).

Since the introduction of other design methods based on ultimate strength (such as load
and resistance factor design—see Sec. 2), AISC has moved to basc this method on
strength as well. With the thirtcenth edition of the AISC Manual, allowable stress
design has been replaced with allowable strength design (ASD). This is very similar to
the older method and uscs the same load combinations, but the provisions are
expressed in terms of forces and moments rather than stresses. In the older method,
calculated design stresses cannot exceed the specified allowable design stress; in
allowable strength design, calculated design loads camnot exceed the calculated
strength capacity. The term “strength” describes the load capacities now listed in the
AISC Manual’s tables more accurately than “stress” would.

In this book, the abbreviation ASD always stands for allowable strength design.
However, the term allowable stress design is still used by other authorities, including
ASCE17.

2. LOAD AND RESISTANCE FACTOR DESIGN (LRFD)

By the time AISC published the ninth edition of the Manual of Steel Construction:
Allowable Stress Design, it had already published the first edition of the Manual of
Steel Construction: Load and Resistance Factor Design with the intcntion that the
LRFD method would eventually replace the allowable stress design method.

The purposc of developing the LRFD method was to establish a theoretically more
consistent and accurate safety factor, based both on variations in load (that is, the left
side of Eq. 3.1) and on variations in load capacity (the right side of Eq. 3.1). On the left
side of the equation, the size of each load factor varies with the type of load and how
predictable it is; for example, live loads are more difficuit to predict accurately than
dead loads, so the load factor is larger for live loads than for dead loads. On the right
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side of the cquation, the size of the resistance factor is a function of the limit states for
the various modes of failure and the normal variances in steel manufacture.

The result is a more efficient use of steel. Using LRFD instead of ASD can often
reduce the weight of nceded structural stecl members by 5% to 15%. Whether such a
reduction can in fact bc made depends on the live-to-dead load ratio and other design
criteria such as scrviceability. For example, the nced to limit beam deflection may
demand a heavier or deeper beam than streagth requirements alone would call for.

The general requirement of LRFD is that the required strength is less than or cqual to
the design strength. This can be stated as follows.

Z Y0 SoR, 3.2

The left side of Eq. 3.2 is the sum of the applicd load types—each load type, O,
multiplied by its applicable load factor, . The right side of Eq. 3.2 represcnts the
nominal load capacity, R,, multiplied by the applicable resistance factor, ¢,

3. DESIGN BASIS

The term design basis is used 1o designate the method (LRFD or ASD) used in the
design or analysis of the structure.

For LRFD, the required strength is determined by combining factored loads (nominal
load * respective load factor) in the combinations given in ASCE 7 Sec. 2.3 (Eq. 2.9
through Eq. 2.15 in this book). The critical (that is, controlling or governing) load
combination is the one that gives the greatest total load; this load is equivalent to the
required strength.

The required strength, R,, must be less than or equal to the design strength, ¢R,. This is
expressed by Eq. 3.3.

R, <¢R, [AISCEq.B3-1] 33

For ASD, the required strength is determined by combining nominal loads in
the combinations giver in ASCE 7 Sec. 2.4 (Eq. 2.1 through Eq. 2.8 in this book). The
critical (that is, controlling or governing) load combination is the onc that gives the
greatest total load; this load is equivalent to the required strength.

The required strength, R,, must be less than or cqual to the allowable strength, R,/Q.
This is expressed by Eq. 3.4.

R, = % [AISC Eq. B3-2] 34

In both ASD and LRFD methods, the term /imit state refers to the design limit for a

failure mode that could occur, based both on the member's propertics and the load
conditions.
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4. DEFLECTION AND ELONGATION CALCULATIONS

When calculating beam deflections or clongation of tension or compression members,
the service load (unfactored load) should be used. Using factored loads will result in a
value that is too large.'

5. THE EFFECTIVE LOAD FACTOR

In 1986, AISC calibrated the LRFD with thc allowable stress design method at
L/D = 3.0. The effective load factor, y, 1s found by setting the LRFD load combination
cqual to the equivalent allowable stress design load combination.

1.2D+1.6L=y{L+D) 3.5

Dividing both sides by D and replacing L/D with 3.0, Eq. 3.5 becomes

1.2+1.6(£)=,{£+2)
p)""\p"p
1.2+(1.6)(3.0) = 7(3.0+1.0)
y:l.S 3.6

Therefore, when the live load is 3.0 times the dead load, the effective load factor wall
be 1.5, and LRFD and ASD will result in identica! answers.

"This is important to remember when using the LRFD method, as using factored loads is an casy
mistake to make.
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Tension Member Design

Nomenclature

a

o

(2]

NIGLEC R

r

qq'\hh’"{"’ua

= W

~i

Symbols

shortest distance from edge of pin hole to edge of member,
mecasured parallel to direction of force

area
width

shortest distance from edge of pin hole to cut edge of corner
cropped at 45°, measured perpendicular to cut

depth or diameter

dead load

strength or stress

transverse spacing (gage) between centers of fastencr gage lines
length

live load

slenderness ratio for tension members

aumber of items

force or load

radius of gyration

required strength (ASD)

longitudinal spacing (pitch) between centers of consecutive holes
thickness

reduction cocfficient

shear lag factor

width

connection ecceatricity (see AISC Manual Table D3.1)

horizontal or vertical distance from outer edge of leg or flange to
centroid (see AISC Manual Table 1-7 and Table 1-8)

resistance factor (LRFD)
safety factor (ASD)

4-1

n

in

in

in

Ibf
Ibf/in’
in

Ibf

Ibf

Ibf
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Subscripts

a required (ASD)

e cffective

S flange

g ErOss

h holes

n net or nominal

pb projected bearing

sf shear on failure path

t tensile or tension
required (LRFD) or ultimate tensile

y y-axis or yield

1. INTRODUCTION

The design of members for tension is covered in Chap. D of the AISC Specification.’
Chapter D is divided into the following sections.

DI Slendemess Limitations
D2 Teansile Strength
D3 Area Determination

D4 Built-Up Members
D5 Pin-Connected Members
Dé Eyebars

Among structural steel members, the member in pure tension is probably the easiest to
design and analyze. Part 5 of the AISC Manual contains many tables to assist in the
design and analysis of tension members. These tables list the tensile yield strength for
the member’s gross area, A,, and the tensile rupture strength for an cffective net area,
A., equal to 0.754,. The table values are conservative as long as the actual effective net
area is at least 75% of the gross area. If the effective net area is less than 75% of the
gross area, the tensile rupture strength of the member will have to be calculated.

A pure tension member is a member that is subjected to axial forces that create uniform
tensile stresses across the member’s entire cross section. Figure 4.1 shows a member in
pure tension. A tension member can consist of a single element (a rod, bar, plate, angle,
or W, M, §, or C shape) or a built-up section. Pinconnected members and eyebars are
also used for tension members. Tension members can be found in trusses (as chord and
web members), in hangers used to support machinery, in lateral-load bracing, and in
platforms, stairs, and mezzanines.

"The AISC Steel Construction Manual (rcferred to in this book as the AJSC Manual) is divided
into Part 1 through Part 16. The AISC Specification for Structural Steel Buildings (referred to in
this book as the AISC Specificarion) is Part 16 of the AISC Manual, and is further divided into
thirteen chapters designated Chap. A through Chap. M.
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TENSION MEMBER DESIGN

Figure 4.1 Member in Pure Tension

-(-—Pl IP—"—

The slendemcss ratio for tension members, L/r, has no maximum limit. For tension
members other than rods and hangers in tension, however, it is preferable that L/r be no
greater than 300.

L
— <300 [AISC Scc. DI 4.1
-

For single-angle members, the least radius of gyration, , may be about the z-axis rather
than the x- or y-axis.

2. TENSION MEMBER LIMIT STATES

In designing a tension member, there are generally two strength limit states to consider.
The first limit state is for yielding on the gross section of the member. The second limit
state is for rupture across the member’s effective net section; this applies when there
are holes in the member or when there is a change in the member’s cross-sectional
area. (A third limit state is possible, involving a serviceability issue such as excessive
elongation for the particular installation.)

When calculating a member’s design tensile strength, ¢F, (in LRFD), or a member’s
allowable tensile strength, P,/Q, (in ASD), both limit states—tensile yielding and
tensile rupture—must be considered. In cither case, the quantity shall be the lower of
the values obtained for the two states.

Tensile yielding on the gross section is calculated with Eq. 4.2.
P =F,A, [AISCEq. D2-1] 4.2

Ag is the member's gross cross-sectional area and F, is the steel's minimum yield stress.
P, is modified by a factor of @ = 0.90 (for LRFD) or Q, = 1.67 (for ASD).

Tensile rupture on the net section is calculated with Eq. 4.3.
P =F A [AISCEq. D22] 43

A, is the member’s effective net area, and F, is the steel’s minimum tensite stress. P, is
modified by a factor of ¢ = 0.75 (for LRFD) or Q, = 2.00 (for ASD).

For safety, a tension member should fail by tensile yielding before it fails by tensile
fupture. In simpler terms, the member should stretch before it breaks. To ensure that
the member's failure is ductile rather than brittle, a tension member should be designed
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so that its limit state for yielding will be reached before its limit state for rupture. The
following formulas ensure ductile failure.

0.9F A4, <0.75F, A, [LRFD, AiSC Part 5] 44

0.6F,A, <0.5F,A, [ASD, AISC Part 5] 45

Both expressions reduce to

In Table 5-1 through Table 5-8 in the AISC Manual, where A, = 0.754,, tensile rupture
rather than tensile yielding may be the governing design value.

3. NET AREA

In designing a tension member, both the member’s net cross-sectional area, A, and its
effective net cross-sectional area, 4., must be calculated. Where the tension load is
transmitted directly to each of the cross-sectional elements by fasteners or welds, the
net area is identical to the effective net area. When this is not the case, the net area
must be reduced by the applicable reduction coefficient, U, as described later in this
chapter. The net area is equal to the member’s gross area less the area of the hole or
holes in a line that is perpendicular to the axis of the member, 4;, (and, therefore, that
is also perpendicular to the force being applied to the member).

A, = A — A, [AISCPartB.i3] 46

To facilitate insertion, the nominal diameter of a hole for a standard bolt or rivet is
Y16 in larger than the diameter of the bolt or rivet itself. At the same time, the net width
of a hole for a bolt or rivet must be taken as /¢ in greater than the hole’s nominal
diameter to allow for possible peripheral edge damage caused when punching the hole.
It follows from these two requirements that the effective width of a hole will be /3 in
larger than the diameter of the bolt or rivet.

A, =n, 0d
=nhn,,_,f(dm+0.125 in) 4.7

Combining Eq. 4.6 and Eq. 4.7, the net area can be calculated as

A=A, - (dy, +0.125 in)t 48
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Example 4.1
Net Area of a Bar or Plate
The steel bars shown are subject to a tensile load, P.

bar thickness = % in

E in diameter bolt

O
6in —P—)—-
O

bar thickness = % in

% in diameter bolts

Section propertics Material properties Bolt properties
w=6in ASTM A36 bars oot = /4 in
t="%,in F, =36 ksi

F, =58 ksi

Determine the gross arca and nct arca of each section and the design tensile strength
(LRFD) and allowable tensile strength (ASD) of the member with two holes in it.

Solution
From Eq. 4.6,
A, =4,-4,

[4

For the bar with one hole,
A, =mw=(0.5in)(6 in) =3 in®

The effective width of the hole is '/g in larger than the diameter of the bolt, so, using

Eq.4.7,

A, =n t(dyy, +0.125 in)
=(1)(0.5 in)(0.75 in+0.125 in)
=0.44 in’

Therefore,

A, =4 ~4,=3in’-0.44 in? =2.56 in’
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For the bar with two holes,
A, =tw=(0.5 in)(6 in)
=3in’

The cffective width of the hole, dige, is /3 in larger than the diameter of the bolt, so
using Eq. 4.7, {
i

A, =n t(d,, +0.125 in)
=(2)(0.5 in)(0.75 in +0.125 in)
=0.88 in?

Therefore,
A =A8 - A, =3 in’ —0.88 in* =2.12 in?

For cach limit state, determine the design tensile strength, @P, (LRFD), and the
allowable tensile streagth, P/Q, (ASD), of the member with two holes. For the yield
limit state,

P=FA =[36 ki"f](3 in?)

in
=108 kips
LRFD ASD
¢.P, =(0.90)(108 kips) £ _108kips _ ., kips
=97.2 kips Q, 1.67
For the rupture limit state,
kips .
P=FA, =[58 inpz )(2.12 in?)
=122.96 kips
LRFD ASD
¢,P, =(0.75)}(122.96 kips) F, _122.96 kips
=92.22 kips Q, 2.00
=61.48 kips

In both LRFD and ASD, the rupture limit is lower than the yield limit. Therefore, the
governing limit state is rupture on the net arca of the member, and this is not a ductile
failure. The design tensile strength (LRFD) is 92.22 kips, and the allowable tensile
strength (ASD) is 61.48 kips.

PPl - www.ppiZpass.com




TENSION MEMBER DESIGN 4-7

Examplc 4.2
Net Area of an Angle
The steel angle shown is fabricated from A36 stock and is subjcct to a tensile load, P.

For angles, the gage for holes in opposite adjacent legs is the sum of the gages from the
back of the angles, less the thickness of the angle. When the load is transmitted directly
to cach cross-sectional clement by connectors, the cffective net arca is equal to the net
area.

A~
P
o — g= [8in
— 14.5 in
Al
. . 1. L“'l
angle8in x 6in X 5 in g=35in
made from A36 bars
i—' in diameter bolts 6in
elevation saction A-A
Section propertics Material propertics
t="%in F,=36ksi
oo = /4 in F,=58ksi

Determine the angle’s gross arca, net area, design tensile strength (LRFD), and
allowable tensilc streagth (ASD).

Solution
The effective gross width of the angle is
W, =w, +w, —f

=8in+6in-0.5 in
=13.5in

The gross area of the angle is
A, =tw, =(0.5 in)(13.5 in)
=6.75 in’

(If this were a rolled angle rather than a built-up one, the tabulated gross area from the
AISC Manual would be used.) The effective width of the hole, dh, is '/ in larger than
the diameter of the bolt. Using Eq. 4.7,

A, =gt (dyy +0.125 in)
=(2)(0.5 in)(0.75 in+0.125 in)
=0.88 in’
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Therefore, r ]
A,=A4,—4,=675in>-0.88 in’ =5.87 in’ -

For cach limit state, determine the design tensile strength, ¢P, (LRFD), and the
aliowable tensile strength, P/, (ASD), of the stecl angle, For the yield limit state,

P.=F,A, =[36 kips)(s.vs in?)

—3
= 243 kips
LRFD TASD
¢,P, =(0.90)(243 kips) £ _243Kips _ .5 kips
=218.7 kips Q167 ;
For the rupture limit state, L
P =FA, =[58 l:‘;lpf)(s.sv in?)
= 340.46 kips
LRFD ASD
P, =(0.75)(340.46 kips) £ _34046kips _, .1 54 kips
=255.35 kips Q 200

In both LRFD and ASD, the yield limit is lower than the rupture limit, so the governing
limit state is yiclding on the gross arca of the member. The design tensile strength
(LRFD) is 218.7 kips, and the allowable tensile strength (ASD) is 145.5 kips.

Calculating the effective width of a channel is similar to the method used to calculate
the angle. To obtain the effective width of a chanuel, add the width of the two flanges
to the depth of the web and subtract twice the average thickness of the flanges.

4. NET AREA FOR A CHAIN OF HOLES

If a chain of holes runs in a diagonal or zigzag line across a member, the net area of the &
member is

2
A, =4 -Zdb"EHZG’g] t [AISC Sec. D3.2] 49

i

In other words, the net area is equal to the gross area minus the area of the holes, plus
the quantity s%/4g for each gage line. The line between two consecutive holes in the
chain is a gage line if it is diagonal (neither parallel nor perpendicular) to the direction
of the load. In the quantity s*/4g, s is the longitudinal spacing (or pitch) between the
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centers of the two holes, and g is the transversc spacing (or gage) between the centers
of the two holes. (Sce Fig. 4.2))

Figure 4.2 Net Area for a Diagonal or Zigzag Chain of Holes

A F
‘[ T
. 24} I :
g B©\,_‘ |
2 h"'ﬁ)G
g3 i P
) w o c® i —_—
4
o ‘__’,,%‘)H
D@ i
96 I !
- i i

EI | |
5
Example 4.3
Net Area for a Chain of Holes
The steel plate shown in Fig. 4.2 is fabricated from A36 stock and is subjected to a

tensile load, P.
" Section properties Material properties Bolt properties
w=10in F,=36ksi oo = 4 in
t="%in F, =58 ksi s=2in

2158 =2in
5158 =g=g=15in

Determine the plate’s gross area and critical net arca. Also, determine the design tensile
strength (LRFD) and allowable tensile strength (ASD).

I

Solution

|

In Fig. 4.2, rupture will occur through the net arca of a chain of holes, either F-G-H-I
or A-B-G-H-D-E. (Failure could not occur first through chain A-B—-C-D-E because

= the stress in the material is dissipated as the load is transferred from where it is applied
[ to the far end of the connection.) Use Eq. 4.9 to determine which chain will fail first.
[ The area having the least value is the critical net area and will govern the design.

. . -2
{ A, =wt=(10in}(0.5in)=5 in
L

For chain F~-G-H-1, from Eq. 4.8,

4,=4 —n, (dy, +0.125in)s
=5.0 in* ~(2)(0.75 in +0.125 in)(0.5 in)
=4.125 in’

PPl » www.ppl2pass.com
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Chain A-B-G-H-D-E is staggered, so Eq. 4.9 is nceded.

2
A=A =Y d 1+ Z(:—g] t
iy

(2 in)2

=5.0in* —(4)(0.875 in)(0.5 in)+(2){m}(o.s in)
=392 in?

Therefore, A-B-G-H-D-E, with a smaller net area of 3.92 in?, governs for the limit
state of tensilc rupture on thc net arca. As indicated in the following table, the
governing limit state is yielding on the gross arca of the member.

For the yicld limit state,

P =FA, =(36 lfi'fj(s in?)

in
=180 kips
LRFD ASD
¢,P, =(0.90)(180 kips) £, _ 180 kips
=162 kips Q, 1.67
=107.78 kips

For the rupture limit state,

P =F,A, =[58 l:l‘;SJ(ssz in?)

=227.36 kips
LRFD ASD
P, =(0.75)(227.36 kips) P, _ 227.36 kips
=170.52 kips Q, 2.00
=113.68 kips

In both LRFD and ASD, the yield limit is lower than the rupture limit. Therefore, the
governing limit state is yielding on the gross area of the member. The design tensile
strength (LRFD) is 162 kips, and the allowable tensile strength (ASD) is 107.78 kips.

PPl » www.pplZpass.com
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5. REDUCTION COEFFICIENTS FOR EFFECTIVE NET AREA

When a tension member is connected to a supporting member in such a way that
stress is not uniformly distributed, some of the tcasion member’s load-carrying
capacity is lost. This phenomenon is called shear lag. A common cause of shear lag is
a tensile load transmitted by bolts, rivets, or welds through some but not all of the
cross-sectional elements of the member.

For example, Fig. 4.3 shows an angle connected to its support by only one of its legs.
As shown, part of the member is not contributing fully to the angle’s load-carrying

capacity.
Figure 4.3 Shear Lag Effect Shown on Angle

ineffective
area
P
—
=R P
e
elevation side elevation

When this is the case, calculations of load-carrying capacity are based not on the
member's net cross-sectional areca but on a smaller value, the effective net area, A,,
which is obtained by multiplying the net area by a shear lag factor, U. For bolted
sections, the shear lag factor is applied to the net section, A,.

A, =AU [AISCEq D3-1] 4.10
For welded connections, the factor is applied to the gross section, 4,.
A =4U 4.11
As the length of the connection is increased, the shear lag effects diminish.

AISC Specification Table D3.1 describes eight ways of joining members in tension and
gives a corresponding shear lag factor for each. Six of these are shown in Table 4.1.
(Cases 5 and 6 arc omitted here because they involve connections with hollow
structural sections in tension.) Connection members should be proportioned to give a
shear lag factor of at least 0.60; if they are not, then they must be designed for the
effects of eccentricity in accordance with AISC Specification Chap. H.

PPl « www.ppiZpass.com
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Table 4.1 Shear Lag Facfors for Connections lo Tension Members

description

casc 1: For all tension members. Tension load is
transmitted directly to each cross-sectional element
by fasteners or welds (except where case 3 or 4

applics).

case 2: For all teasion members except plates and
HSS. Tension load is transmitted to somne but not ail
cross-sectional elements by fasteners or longitudinal
welds. (L is the length of the connection and X is
the connection eccentricity. Case 7 may be used as
an alternative for W, M, S, and HP sections.)

case 3: For all tension members. Tension load is
transmitted by transverse welds to some but not all
cross-sectional elemeats.

shear lag factor
U=1.0
U=1-=
L
U=10 o

A = area of dircctly
connected element

[Luz 2wl

case 4: For plates only. Tension load is transmitted U=1.0
by longitudinal welds only. (L is the length of the U=087 [2w>L>1
weld and w is the width of the welded member.) -
U=075 [15w>1L
case 7: For W, §, M, and HP shapes, and for tees cut
from these shapes. (4, is the flange width and d is
the depth of the member. If U/ can also be calculated
as in case 2, the larger valuc may be used.)
e flange is connected with at least three U=09 [b 21d]
fasteners per line in direction of load U=0.85 (b
e web is connected with at least four fasteners | [/ =(.70
per line in direction of load
case 8: For single angles. (If U can also be -
calculated as in case 2, the larger value may be
used.)
»  at least four fasteners per line in direction U=0.80
of load
» two or three fasteners per line in direction U=0.60
of load

PPl » www.pplZpass.com
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Esxample 4.4
Effective Net Area for W Shape Tension Member
A steel [-shaped member, a W8 x 21, is subject to a tensile load, P, as shown.

!
L
— |
side elevation elevation
Section propertics

A, =6.16 in’ Material properties Bolt properties
b;=527in ASTM A992 steel dyon =4 in
;=040 in F,=50ksi end distance = 1.25 in
d=8281in F,=65ksi spacing = 3.0 in

r.=126in

7 =0.831in
[for WT4 x 10.5,
AISC Table 1-8}]

Determine the effective net area. Also, determine the design tensile strength (LRFD)
and the ailowable tensile strength (ASD).

Solution

Calculate the shear lag factor, U. Cases 2 and 7 in Table 4.1 both apply; therefore, it is
permissible to take the larger value. Check case 2, considering the member as two WT
shapes. The length of the connection is (3)(3.0 in) = 9.0 in.

U.—.p(i):l_[g's__?‘l.ﬂ):()m
L 9.0in

Check casc 7 with the flange containing three or more fasteners per line in the
direction of loading.

id= (%)(8.28 in)=5.52in [>b, =527in,50 U =0385]

For case 2, U = 0.91; for case 7, U = 0.85. Use the larger value of U = 0.91. From
Eq. 4.8, for the net area,

A=A —n, (d,,+0.125 in)t
=6.16 in? —(4)(0.75 in+0.125 in)(0.40 in)
=4.760 in®

PPl - www.ppliZpass.com
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From Eq. 4.10, the effective nct arca is
A, =UA, =(0.91)(4.760 in*)=4.33 in?

Calculate the design and allowable teasile strengths of the member. For the yield limit

state,
kips s .
P, =F,A =[50 —F |(6.16 in®) =308 kips
in
LRFD ASD
¢.P, =(0.90)(308 kips) P, _ 308 kips
=277.20 kips Q,  Le67
=184.43 kips
For the rupture limit state,
P=FA, =(65 'f"’zs](ct.as in®) = 281.45 kips
n
LRFD ASD
#,P, =(0.75)(281.45 kips) P, _281.45 kips
=211.09 kips Q, 2.00
=140.73 kips

In both LRFD and ASD, the rupture limit is lower than the yield limit. Therefore,
the governing limit state is rupturc on the net area of the member. The design
tensile strength (LRFD) is 211.09 kips, and the allowable tensile strength (ASD) is
140.73 kips.

6. LOAD AND RESISTANCE FACTOR DESIGN

The basic design requirement for load and resistance factor design (LRFD) is that each

structural component's design strength, @R,, must meet or ecxceed its required strength,
R,. The required strength is equal to the critical (i.e., greatest) combination of
applicable service loads, with each load multiplied by its appropriate load factor.

When designing tension members to resist yiclding on the gross area, Eq. 4.12 is used.
In this case, the resistance factor for tension, @, is 0.90.

R <@R, [AISCEq. B3-1] 412
The nominal strength is

R =F,A, [AISCEq D2-1] 4.13

PPl - www.ppi2Zpass.com
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Combining Eq. 4.12 and Eq. 4.13,

R, S¢F A 4.14
The minimum gross area required is
R
A 2—* 4.15
¢F,

When designing tension members to resist rupture on the effective net area, the
resistance factor is @ = 0.75. The nominal strength is

R =F A, [AISCEq. D2-2] 416
Combining Eq. 4.12 and Eq. 4.16,

R, S@gF A 4.17
The minimum effective net arca required is

4,22
©@F,

4.18

7. ALLOWABLE STRENGTH DESIGN

The basic design requirement for allowable strength design (ASD) is that each
structural component’s design strength, R,/Q2, meets or exceeds its required strength,
R,. The required strength is equal to the critical (i.c., greatcst) combination of
applicable service loads.

When designing tension members to resist yielding on the gross area, Eq. 4.19 is uscd.
The safety factor for tension, Q,, is in this case equal to 1.67.

R < % [AISC Eq. B3-2] 4.19

(]

Substituting Eq. 4.13 into Eq. 4.19,

B R < F;ZA" 4.20

The minimum gross area required is therefore

4 23R
R

y

4.21

PPl - www.ppiZpass.com
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When designing tension members to resist rupture on the effective net area, the basic
design requirement is

R < g" [AISC Eq. B3-2] 422

a
t

The safety factor for tension, Q,, is 2.0 herc. Combining this with Eq. 4.16,

F A
R, S_EZ e 423

1

The minimum net effective arca required is therefore

A EQIRG
" F

4.24

Example 4.5
Tension Member Design to Resist Yielding and Rupture

The steel I-shaped member shown is made from ASTM A992 steel (F), = 50 ksi, F, =
65 ksi) and is subject to the following tensile loads: D = 7! kips and L = 213 kips. Four
%/, in diameter bolts are to be placed in a row in the flanges perpendicular to the axis of
the load; bolt spacing is 3 in.

Eﬂ:ﬂj HE HH HH 18 I
L
= 184 84 H 1
side elevation elavation

Determine the minimum gross area, A, the minimum effective net area, A4,, the design

tensile strength, @P,, and the allowable tensile strength, P,/€),. Select the lightest W8
section that will support the design loads.

Solution

Calculate the required tensile strength.

LRFD ASD
R =12D+1.6L R =D+L
=(1.2)(71 kips)+(1.6)(213 kips) =71 kips+213 kips
= 426 kips =284 kips
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Calculate the gross arca, A, required to resist yielding.

4-17

LRFD ASD
4 =R 4206kips 4 SR, _(1.67)(284 kips)
° @F, (0.90)[50 'f":s] £ R so Kips
In 1n
=9.47 in’ =949 in’
Calculate the net effective area, A., required to resist rupture.
LRFD ASD
R, 426 kips QR (2.0)(284 kips)
A‘ = F = Kios Ae 2% o =
9F, (0.75)(65 03 J F, 65 —P
n n
=8.74 in’ =8.74 in’

The following W8 sections meet the requirement for 4, > 9.49 in®: W8 x 35, W8 x 40,
and W8 x 48. Find the lightest of these scctions that meets the required effective net
area. For the W8 x 35,

A,=103in’,d=8.12in, by=8.02 in, {,=0.495 in

Calculate the areas of the holes in the flanges.

A, =4d, .t =(4)(0.875in)(0.495 in) =173 in’

Calculate the net arca.

4,=4,-4,=103in*-173 in’ =857 in®

The net area of the W8 x 35 is less than the required effective net area, 4, = 8.74 in?, so
this is not OK. Try the next lightest member, For the W8 x 40,

Ag=117in’, d = 8.25 in, by = 8.07 in, £,= 0.560 in

Calculate the areas of the holes in the flanges.

A, =44 tf =(4)(0.875 in)(0.560 in)=1.96 in’

Calculate the net area.

A=A —4,=117in* 196 in* =9.74 in’

The net area of the W8 x 40 is greater than the required effective net arca, 4, =

8.74 in% therefore, calculate the shear lag factor, U, based on AISC Specification
Table D3.1, case 2. The dimension ¥ for a W member is obtained from AISC Manual

PPl - www.pplZpass.com
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Table 1-8 for a WT with half the depth and weight of the W member. For a WT4 x 20,
x=0.735io.

U=1-%=1-07330 54,
L 901n

Calculate the shear lag factor again, based on AISC Specification Table D3.1, case 7.
id= (%)(8.25 in) =35.50in
b, =8.07in [>1d,so U =0.90]

Case 2 gives the greater value for U and therefore governs. Use Eq. 4.10 to calculate
the net effective arca, A,, for a W8 x 40.

4,= AU =(9.74 in*}(0.92)
=896in’ [>874in’, 500K

The net effective area of the W8 x 40 section is greater than required. Therefore, the
W8 x 40 section is the lightest W8 section meeting the requirements.

Example 4.6
Tension Member Analysis to Resist Yielding and Rupture
A steel angle is bolted to a gusset plate with three %/, in diameter bolts as shown.

L4inx4inxin\

gusset plate
\ —A—
v 3

- 1 1
1 o T

-t

1.25in 3in 3in

The bolt spacing is 3 in and the end spacing is 1.25 in. The plate and angle are of
ASTM A36 stecl, with a specified minimum yield stress of 36 ksi and a specified
minimum tensile stress of 58 ksi. The angle is 4 in x 4 in x % in. The gross area is
2.86 in’. The dimensions ¥ and ¥ are both equal to 1.13 in. Determine the load

capacity of the angle.
Solution
Use Eq. 4.8 to calculate the net area.
A, =A —(d,, +0.125 in)¢
=2.86 in” —(0.75 in +0.125 in)(0.375 in)
=2.53 in’

PPl - www.ppiZpass.com




TENSION MEMBER DESIGN 4-19

Calculate the shear lag factor, U, as the larger of the values permitted from A4/SC
Specification Table D3.1. Based on case 8, I/ = 0.60. Bascd on case 2,
x B 1.13 in

U=l-==1 =0.81
L

6in

The larger value of U is 0.81. From Eq. 4.19, the net effcctive arca is
A,= AU =(2.53 in*)(0.81)=2.05 in’

For the yield limit state,

kips .
P =FA =(36 -_Lz)(z.ss in’)

n
=102.96 kips
LRFD ASD
¢,F, =(0.90)(102.96 kips) F 10296 kips _ ¢, o5 ips
=92.66 kips Q, 1.67
For the rupture limit state,
P=FA= (58 'f“;s](z.os in?)
mn
=118.90 kips
LRFD ASD
¢,P, =(0.75)(118.96 kips) £ _1896kips _ o 40 kips
=89.22 kips Q, 2.00

In both LRFD and ASD, the rupture limit is lower than the yield limit. Therefore,
the governing limit state is rupture on the net area of the angle. The load capacity for
LRFD is 89.18 kips and for ASD is 59.45 kips.

AISC Manual Table 5-2 provides the following data for the angle.
A,=0.754, =(0.75)(2.86 in*) = 2.15 in’

¢F, =927kips [yielding]
=93.5 kips [rupture]

g‘ =61.7 kips [yielding]

!

=624 kips [rupture]

The calculated rupture values are less than the tabulated values because the actual
effective net area is less than the 0.754, assumed in the table.
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8. PIN-CONNECTED MEMBERS

Pin-connected members arc occasionally uscd for tension members with very large
dead loads. It is recommended that they not be used where there is sufficient variation
in the live load to cause wearing of the pin holes.

The design of pin-connected members is governed by the geometry and physical
dimensions of the member as well as limit states for strength. The governing streagth
design limit statc is the lowest value of the following: tensile rupture, shear rupture,
bearing on the member, and yiclding.

Teansile rupture on the net effective area is calculated with Eq. 4.25.
P =2tb F, [AISCEq.D5-1] 4.25
The effective width is

b,=2t+0.63n<h 4.26

The effective width may not be more than the actual distance from the edge of the hole
to the edge of the part, measured in the direction normal to the applied force (b in
Fig. 4.4). For tensile rupture, P, is modified by a factor of ¢ = 0.75 (for LRFD) or , =
2.0 (for ASD).

Shear rupture on the effective area is calculated with Eq. 4.27.
P, =0.6F, A, [AISCEq.D5-2] 427

The shear area on the failurc path is

A= 2((0-&-%) 4.26

In Eq. 4.28, a is the shortest distance from the edge of the pin hole to the edge of the
member, measured parallel to the direction of the force. For shear rupture, P, is
modified by a factor of ¢ = 0.75 (for LRFD) or Q, = 2.0 (for ASD).

Bearing strength on the thickness of the pin-plate member is calculated with Eq. 4.29.
R =18F 4, [AISCEq J7-1] 4.29

Ap, is the projected bearing area. P, is modified by a factor of @¢ = 0.75 (for LRFD) or
e =2.0 (for ASD).

Yielding on the gross area of the pin-plate member is calculated with Eq. 4.2. P, is
modified by a factor of ¢ = 0.90 (for LRFD) or Q, = 1.67 (for ASD).
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The geometry and dimensional requirements for a pin-connccted plate are shown in
Fig. 4.4. AISC Specification Sec. D3.2 includes the following requirements.

a=1.33b, 4.30
w22b + dp-'n 4.31
cza 4.32

L
inbote Sy, F3310 433

Figure 4.4 Pin Connection Dimensional Requirements

cormers may

/ be crapped \,

1 d
a+ 3 =]
t —— — L centerline
b d b t

Example 4.7
Pin-Connected Tension Member

A pin-connected steel tension member supports loads of D = 18 kips and L = 6 kips.
The pin diameter is 1.25 in, and the diameter of the hole for the pin is '/, in larger than
the pin diameter. The member is made of ASTM A36 stecl, with a specified minimum
yield stress of 36 ksi and a specified minimum tensile stress of 58 ksi. The member’s
width, w, is 5.25 in, and its thickness, ¢, is 0.625 in. The dimensions labeled a and ¢ in
Fig. 4.4 are 2.5 in and 3.0 in, respectively. The pin can be assumed to be satisfactory
for supporting loads.

Determine whether the geometry of the pin-connected member meets the requirements
of the code and whether the member will support the imposed loads.
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Solution

From Eq. 4.26, the cffective width is

b, =21+0.63
=(2)(0.625 in)+0.63 in
=1.88 in

Check dimensional propertics for conformance to AISC Specification requirements
using Eq. 4.30 through Eq. 4.33.

a>1.335,
2.5 in 2(1.33)(1.88)
2250in [OK]
w22b +d
5.25in2(2)(188in)+125in
250l in [OK]
cz2a
30in225in [OK]

AISC Specification requirements are met. Calculate the required tensile strength.

LRFD ASD
P, =12D+L6L P=D+L
=(1.2)(18 kips) +(1.6)(6 kips) =18 kips+6 kips
=31.20 kips =24 kips

Calculate the available tensile rupture strength on the effective net area using Eq. 4.25.

P, =265 F,
=(2)(0.625 in)(1.88 in)(SS ':L"f)
=136.30 kips
LRFD ASD
#,P, =(0.75)(136.30 kips) B _13630kips _ oo
=102.23 kips Q, 2.00
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Calculatc the available shear rupture strength. From Eq. 4.28, the shear area on the

failurepathis
d
=2 a+—
Ac=2(avd)

=(2)(0.625 in)[z.so in +

1.25 in)

=3.91 in*

From Eq. 4.27, the available shear rupture strength is

P, =0.6F, 4,
| = (0.6)(58 kip”)(:ssl in?)
'lnl
=136.07 kips
I The required strength is
LRFD ASD

r ¢.F, =(0.75)(136.07 kips) £, _13607kips _ o 4 kips

=102.05 kips Q, 2.00

Calculate the available bearing strength. The projected bearing area is
A, =td= (0.625 in)(1.25 in) =0.78 in’
From Eq. 4.29, the nominal bearing strength is
R, =18F 4,
kips
2

:(1.8)(36 _

1

](0.78 in*)
= 50.54 kips

The available bearing strength is

LRFD ASD
, @P, =(0.75)(50.54 kips) B, _5054kips .- Kips
=37.91 kips Q, 2.00

The gross area is

A, =bt =(5.25n){0.625 in) =3.28 in®

[4
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Use Eq. 4.2 to calculate the available tensile yiclding strength.

kips . .
P,=FA, =(36 3 ](3.23 in’) =118.08 kips
LRFD ASD
@, =(0.90)(118.08 kips) B _11808kips _ o000
=106.27 kips Q, 2.00

The available teasile strength is governed by the bearing strength limit state.

LRFD ASD
P) =31 i )
(o ")m 37.91 kips (ij 2527 kips
[> £, =31.20 kips, so OK ] bearing
[> P, =24 kips, so OK]

Code requircments are met, and the design strength and the allowable strength exceed
the required strength. The pin-connected member is acceptable.
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Steel Beam Design

Nomenclature

clear distance between transverse stiffeners

distance from end of cover plate

area

one-half the full flange width, b, of an I-shaped member or tee
flange width

factor for lateral-torsional buckling

bending factor

height factor

lateral-torsional buckling modification factor (becam buckling
coefficient)

web shear coefficient

warping constant

depth

dead load

outside diameter

modulus of elasticity

strength or stress

shear modulus of elasticity

distance between flanges

effective height

distance between flange centroids

moment of inertia

torsional constant

web plate buckling coefficient

length

live load

length between braces or braced points

limiting unbraced length for full plastic moment
limiting unbraced length for inelastic lateral-torsional buckling

distance from maximum to zero shear force

5-1

in
in’
in

in

lbf

in
Ibf

in

in
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M flexural strength, moment, or moment strength

M, absolutc value of moment at quarter point of unbraced scction

My absolute value of moment at centerline of unbraced section

Mc absolute value of momeant at three-quarier point of unbraced
section

Moax absolute value of maximum moment in unbraced section

M, available moment strength

r radius of gyration

ry effective radius of gyration of the compression flange

R cross-sectional monosymmetry parameter

S elastic section modulus

hY snow load

1 thickness

vV shear force or shear strength

w load per unit length

w width

w wind load

y vertical distance from edge of member to centroid

Y hole reduction coefficient

Z plastic section modulus

Symbols

A deflection

A limiting width-thickness ratio for compactness
A limiting width-thickness ratio for noncompactness
¢ resistance factor

Q safety factor

Subscripts

a required (ASD)

b flexural (bending)

c compression flange

cr critical

D dead load
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STEEL BEAM DESIGN

cffective

flange

gross

live load

net or nominal
plastic bending
requircd

total

required (LRFD) or ultimate tensile
shear

web

about x-axis

“w w < ™M X3 M~ YN G
z ="-l-§ =

about y-axis or yield

4. INTRODUCTION

Beams, the most prevalent members in a structure, are designed for flexure and shear.
Chapter F of the AISC Specification provides the requirements for flexural design, and
Chap. G covers shear design. These two chapters include the flexure and shear
requirements for plate girders and other built-up flexural members. Chapter F is
divided into the following sections.

Fl Geaeral Provisions
F2 Doubly Symmetric Compact I-Shaped Members and Chaanels Bent
About Their Major Axis

F3 Doubly Symmetric I-Shaped Members with Compact Webs and
Noncompact or Slender Flanges Bent About Their Major Axis

F4 Other 1-Shaped Members with Compact or Noncompact Webs Bent
About Their Major Axis

F5 Doubly Symmetric and Singly Symmetric I-Shaped Members with
Slender Webs Bent About Their Major Axis

F6 I-Shaped Members and Channels Bent About Their Minor Axis

F7 Square and Rectangular HSS Box-Shaped Members

F8 Round HSS

F9 Tees and Double Angles Loaded in the Plane of Symmetry

F10  Single Angies

F11  Rectangular Bars and Rounds

FI12  Unsymmetrical Shapes

Fi3  Proportions of Beams and Girders
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The specific requirements of AISC Specification Sec. F2 through Sec. F13 are based on
the way steel members with various shapes react to forces applied to them. Some
cquations may apply to more than one section, whercas others are specific to one type
of member or loading.

A beam primarily supports transverse loads (loads that are applied at right angles to the
longitudinal axis of the member). Beams, then, are primarily subjected to flexure, or
bending. It’s easy to design a beamn that is loaded about a single strong or weak axis
and through the member’s shear center, eliminating torsion. When the loading
conditions vary from these, however, beam design becomes more complex.

Such members as girders, rafters, purlins, and girts are sometimes referred to as beams
because they, too, are primarily flexural members. Rafters and purlins arc members
used to support a roof; rafters run parallel to the slope of the roof, while purlins run
perpendicular. Girts run horizontally between columns and support the building
envelope siding but not a floor or roof. Figure 5.1 shows how these members are used.

Figure 5.1 Building Frame Showing Raflers, Purlins, and Girls

purlins
/ e rafters

girts

The term girder is frequently used to mean a beam that supports other beams.
However, the AISC Manual uses girder to designate an I-shaped member fabricated
from plate steel. This book follows AISC usage.

—————
A

Beams subjected to flexural loads about their major and minor axes simultaneously,
and beams subjected to axial compressive or tensile loads in addition to flexural loads,
are covered ir Chap. H of the AISC Specification and in Chap. 8 of this book. The
design of plate girders is covered in Chap. 11 of this book.

Pram—

2. LIMIT STATES

ety
f—— 3§

The following are the limit states that should be checked when designing beams.

« yielding [

= lateral-torsional buckling

e flange local buckling {

¢ web local buckling I
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o tension flange yiclding
¢ local leg buckling

o local buckling

e shear

Local buckling can be prevented by using established limits on slendemess ratios for
various clements, such as the flanges and webs of the members. Depending on its
slendemess ratio, cach element is classified (from the lowest ratio to the highest) as
compact {C), noncompact (NC), or slender (S). If the flanges and webs are compact,
the limit state for the entire member will be reached before local buckling occurs.

3. REQUIREMENTS FOR COMPACT SECTION
Chapter F of the AISC Specification classifies flexural members on the basis of

¢ member type (W, 5, M, HP, C, L, or HSS)
e axis of bending (major or minor)
s flange and web slendemess ratios (compact, noncompact, or slender)

There are 11 classes in all, and they are discussed in Sec. F2 through Sec. F12. These
cases are described in Table 5.1, along with the applicable section of the AISC
Specification and the limit states that should be checked for cach case. (AISC
Specification Sec. F13 covers some additional considerations regarding the proportions
of beams and girders.)

Whether a member is classified as a compact or noncompact section is a function of the
width-to-thickness ratio of its projecting flanges and the height-to-thickness ratio of its
web. These ratios were cstablished to ensure that the member would fail in overall
yielding before it would fail in local flange or web buckling. Table B4.1 in the AISC
Specification provides the following limiting width-thickness ratios for compression
elements.

For flanges of I-shaped rolled beams and channels in flexure, the member is compact if

4,=2<038 [Z [ease] o
i F,

For webs in flexural compression, the member is compact if

A, =is3.76 £ [case 9] 5.2
t, \}Fy

Most current ASTM A6 W, S, M, C, and MC shapes have compact flanges for F,, less
than or equal to 50 ksi. The exceptions are W21 x 48, W14 x 99, W14 x 90, W12 x 65,
W10 x 12, W8 x 31, W8 x 10, W6 x 15, W6 x 9, W6 x 8.5, and M4 x 6. All current

ASTM A6 W, S, M, C, and MC shapes have compact webs for F, less than or equal to
65 ksi.

PPl « www.ppiZpass.com
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Table 5.1 Selection Table for the Application of AISC Chap. F Sections

AISC flange web limit
section cross section slendemess slendemess  states*
F2 doubly symmetrical compact C C Y,LTB

[-shaped members and channcls
bent about their major axis

F3 doubly symmetrical I-shaped NC, S8 C LTB,
members with compact webs and FLB
noncompact or siender flanges
bent about their major axis

F4 other [-shaped members with C,NC, S C,NC Y, LTB,
compact or noncompact webs FLB,
bent about their major axis TFY

F5 doubly symmetrical and singly C,NC, S8 S Y, LTB,
symmetrical [-shaped members FLB,
with slender webs bent about TFY
their major axis

F6 I-shaped members and channels C,NC, S8 - Y, FLB
bent about their minor axis

F7 square and rectangular holiow C,NC, S C,NC Y, FLB,
structural sections (HSS) WLB

F8 round hollow structural sections - - Y,LB
(HSS)

F9 tces and double angles loadedin  C,NC, S - Y, LTB,
plane of symmetry FLB

F10 single angles — - Y, LTB,

LLB

F1l rectangular bars and rounds - - Y,LTB

Fi2 unsymmetrical shapes - - ali limit

states

*Y, yielding; LTB, latcral-torsional buckling; FLB, flange local buckling; WLB, web local
buckling; TFY, tension flange yielding; LLB, leg local buckling; LB, local buckling; C
compact; NC, noncompact; S, slender

4l

4. SERVICEABILITY CRITERIA

The criterion that governs the design of a beam often turns out to be the need to keep
the beam from deflecting so far that it interferes with the purpose and usefulness of the
building. According to the AISC Manual, the serviceability of a structure must not be
irpaired by any deflections caused by appropriate combinations of service loads. The
AISC Manual no longer gives specific limits on deflections, leaving those decisions up
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to the engincer, the end user of the structure, and the applicable building codes. In most
of the United States, the limits given by the International Building Code (IBC) will

apply.

A beam deflection criterion is usually expressed as limiting deflection to the length of
the span, L, divided by a specified constant; for cxample, L/360 or L/600. ACI 530,
Building Code Requirements for Masonry Structures, limits the deflection of a beam
that supports masonry to a maximum of the lesser of L/600 and 0.3 in. For some
overhead traveling cranes, the deflection is limited to L/1000. Table 1604.3 in the IBC
provides the specific deflection limitations given in Table 5.2.

Table 5.2 Deflection Limitations in the Inlemational Building Code

snow load, S, dead load

live load, or plus live
construction L wind load, # load, D+ L
Toof members

supporting plaster ceiling L1360 L1360 Li240

supporting nonplaster ceiling L1240 L1240 L/180

not supporting ceiling L/180 Li180 L1120
floor members L1360 - L1240
exterior walls and interior partitions

with brittle finishes — L7240 -

with nonbrittle finishes - L/120 -
farm buildings - - L/180
grecnhouses - - Li120

Other serviccability criteria that must be considered include building drift, vibration,
wind-induced motion, expansion and contraction, and connection slip. Chapter L of the
AISC Specification does not give specific guidance for these criteria, stating only that
“under appropriate service load combinations, serviceability issues shall not impair the
serviceability of the structure.”

The IBC, however, does set seismic design requirements for allowable story drift,
incorporating by reference the requirements of ASCE 7, Minimum Design Loads for
Buildings and Other Structures. These requirements, found in ASCE 7 Table 12.12-1,
must be met wherever the IBC applics.

5. LATERAL-TORSIONAL BUCKLING

The moment gradient can be considered when the unbraced length of a beam exceeds
the limiting length for full plastic moment, L,. Under these conditions, the available
strength of the beam can be adjusted using the lateral-torsional buckling modification

PPl » www.ppli2pass.com
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Jactor, C; (also called the beam bending coefficient). Whether the LRFD or ASD
method of design is being used, C, is calculated as in Eq. 5.3.

C, = 12.5M s, R, <3.0 [AISCEq.FI-1] 53
2.5M_ +3M,+4M, +3M,

Table 5.3 and Table 5.4 give values of C, for some common conditions. In all cases, C,
may be taken conservatively as 1.0, though under certain loading conditions this may
produce ultraconservative designs. C, must be taken as 1.0 for cantilevers and
overhangs where the free end is unbraced, in accordance with A/SC Specification
Scc. Fl. C, must also be taken as 1.0 for tees with the stems in compression, in
accordance with AISC Commentary Scc. F9.

Table 5.3 Values for Lateral-Torsional Buckling Modification Factors for Simply Supported
Beams with Concentrated Loads

lateral
bracing lateral-torsional buckling
loading along span modification factors, C,

P
* no bracing,
load at
f ‘* midpoint 132

bracing
at load
point 1.67 1.67

P P
* + no bracing,

loads at
* } third points L

bracing at
load points,
loads

symmetrically 167 10 167
placed

P |P |P
+ * no bracing,
loads at

+ quarter points 14

bracing at

load points,
loads

at quarter
points

Lateral bracing must be provided at points of support per AISC Specification Chap. F.
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Table 5.4 Values for Lateral-Torsional Buckling Modification Factors for Simply Supported
Beams with Uniform Loads

lateral lateral-torsional
bracing buckling modification
loading alang span factors, Cy

aone

P V)

at midpoint 3
w
P IR | ot i P H*
T points 1457 T Tas
at quarter
points *1.52 106 1.06 1.52*
o %EEEBIEE%
points 1.56 1.12 1.00 1,12 1.56

M, is the absolute value of the maximum moment in the unbraced section, and M,
Mp, and Mc are the absolute values of the moments at the quarter point, centerline, and
three-quarter point of the unbraced section, respectively. R, is the cross-sectional
monosymmelry parameter, which equals 1.0 for doubly symmetrical members and for
singly symmetrical members subjected to single curvature bending, For singly
symmetrical members subjected to reverse curvature bending, R,, = 0.5 + 2(/ be /1,,)2.

The nominal flexural strength values in Table 3-2 through Table 3-10 in the AISC
Manual arc based on a value of 1.0 for C;. As a result, these tables give conservative
values for the nominal flexural strength. The value of the adjusted available flexural
strength, C,M,, can vary from 1.0 to 3.0. However, rcgardless of the value of C,, the
moment capacity may never be increased to more than the full plastic moment, M,

6. FLEXURAL REQUIREMENTS

Flexural stresses are frequently the controlling design criteria for beams. The flexural
resistance capacity of a beam is a function of all the following: steel yield point, axis of
bending, compact or noncompact section, and the distance between lateral bracing
points of the compression flange of the beam, L,.

The type and extent of the bracing of a beam’s compression flange determines its
potential failure modes—yielding, inelastic torsional buckling, or elastic torsional
buckling—and consequently the appropriatc formulas to use for designing or analyzing
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beams. These three modes are commonly referred to as flexural zones |, 2, and 3.
These zones are illustrated in Fig. 5.2. (Sce also Sec. 7, Sec. 8, and Sec. 9.)

Figure 5.2 Moment Capacity Based on Unbraced Length

one 1 : zone 2 wone 3
plastic inelastic elastic
Eq.56 | Eq.5.7 Eq.5.10
[AISC F2-1] ! [AISC F2-2| [AISC F2-3
M, and F2-4|

nominal flexural strangth, M,

L, L
unbraced length, L,

In flexural zone 1 (i.c., yiclding), the compression flange of the beam is braced laterally
at distances less than or equal to L, the limiting length for plastic bending. The lateral
bracing prevents the compression flange from buckling, thereby enabling the maximum
stress to reach the yield stress and develop the full plastic moment of the section.

In flexural zone 2 (i.c., inclastic torsional buckling), the compression flange is braced
laterally at distances greater than L, but less than or equal to L, the limiting length for
inclastic torsional buckling. With bracing spaced at this distance, inelastic torsional
buckling occurs before the yield stress is reached. M, is the moment strength available
when L, equals L, for service loads where the extreme fiber reaches the yield stress, F),
including the residual stress.

In flexural zone 3 (i.e., elastic torsional buckling), the compression flange is braced at
distances greater than L,. This results in elastic torsional buckling.

Repardless of the flexural zone, the basic design formulas for designing flexural
members for strength are based on design requirements given in AISC Specification
Chap. B, and shown in Eq. 5.4 and Eq. 5.5.

For LRFD, the nominal strength, M,, when multiplied by a resistance factor, ¢,
(given in AISC Specification Chap. F), must be greater than or equal to the required
strength, M,. The quantity ¢,M, is also known as the design strength. Equation 5.4 is
derived from AISC Specification Eq. B3-1.

M, <¢ M [LRFD] 5.4
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For ASD, the nominal strength, M, when divided by a safety factor, £ (given in AISC
Specification Chap. F), must be greater than or equal to the required strength, M,. The
quantity M, /€, is also known as the allowable strength. Equation 5.5 is derived from
AISC Specification Eq. B3-2.

M

M_<—= [AsD] 5.5
Q,

The nominal flexural strength, M,, is taken as the lowcr of the values obtained

according to the limit states of yiclding (plastic moment) and lateral-torsional buckling
in accordance with AISC Specification Chap. F.

All W, §, M, C, and MC shapes, with the exceptioas listed in Sec. 3 of this chapter,
qualify as compact sections. For this reason, the most important factor in determining a
beam’s capacity to resist an imparted load is the distance between lateral supports of
the compression flange. Increasing the unbraced distance, L,, between lateral supports
decreases the load-carrying capacity of a beam.

7. ZONE 1, PLASTIC BENDING: L, < L,

Beams that are laterally supported at distances less than or equal to L, and bent about
the strong axis are referred to as zone | bending (plastic bending zone). These are the
easiest to design because in zone 1 the flexural member can obtain the full plastic
moment and will not be subjected to lateral-torsional buckling. Therefore, only the
limit state of yiclding applies, and Eq. 5.6 is used.

M =M,=FZ [AISCEq. F2-1] 5.6

Because lateral-torsional buckling will not occur under these conditions, a beam
selection can be determined directly by determining the required plastic section
modulus, Z,.

For LRFD, when M, <0.90F,Z,,

=M. 5.7
™ 0.90F, '
For ASD, when M, < F vZil1.67,
1.67M,
Ziq = 7 5.8

PPl » www. ppli2pass.com
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Example 5.1
Zone 1 Bending

The 30 ft beam shown is laterally supported for its eatirc length. The beam supports
a uniform dead load including the beam weight of 0.30 kip/ft and a uniform live load of
0.70 kip/fi.

{ive load = 0.70 kip/ft
dead load = 0.30 kip/ft

pinned
suppor Z:

% roller
7 support
|

0Hh
Material properties
ASTM A992 steel
F, = 50 ksi
F,=65ksi

Select the most economical beam that complies with the deflection criteria for floor
beams in the IBC.

Solution

Calculate the required flexural strength. The loading is

LR¥FD

ASD

w, =1.2w, +1.6w,

W, =w,+w,

=(1,2)(o 30 k’p) ~030 XP 4 .70 K
fi fi
=1.00 kip/ft
+(1 6)[0 70 "’P) /
f
=1.48 kips/ft
The moment is
LRFD ASD
2 2
M, = w L M, = w. L
8 8
(1 48 k‘p‘"](m gy’ (1 00 kf‘f)(so ft)’
- 8 - 8
=166.50 ft-kips =112.50 ft-kips
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Calculate the moment of incrtia required to comply with the IBC, remembering that
deflections are calculated on service loads and not factored loads. The allowable
deflection and required moment of ineriia for the live load are

L
A, =——
L 360

in

30 /)12 =

K )12 2]

360
=1.00 in

A
™ 384EA,

(s)(o 70 )(30 )’ [nz EJ
i (334)( k“’5)(1 00 in)

=43991in* (440in)

For the total load,

L
A, =—
T 240

(30 ft)(lz %)

240
=1.50 in

_ Swi
= 384EA,

_"(5)([ 00 )(30 )’ [12 E)J

i (384)[29000 k"’s)(l 50 in)

=418.97 in*

Therefore, Iy is governed by the live load deflection, and the minimum moment of
inertia is 440 in*.
Because the beam is laterally supported for its full length, the unbraced length of the

beam is 0 ft and the full plastic moment, M,, will be obtained. Therefore, C, is 1.0, and
the beam is in the plastic range, zone | bending.

PPl » www.ppl2pass.com
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Calculate the required plastic section modulus.

LRFD ASD
Mu S¢an Mu S Mn
S¢bez: Qb
P M, < FZ
MHO4F, Q,
i M Q
. n — a=“h
) (166.50 ﬂ-k.lps)(IZ E) xreq Fy
(0.90)| 50 L 12.50 fiki in
- (11250 f-kips)| 12 = |(1.67)
_ .1 ES .
=44.40 in 50 lu 2s
n
=45.09 in’

Basing the selection on strength, for a W14 x 30 (see AISC Manual Table 3-2),

LRFD

ASD

Z =473 in’ >44.40 in’
@M, =177 fi-kips >166.50 fi-kips
I,=291in‘ <440 in* [nogood]

Z =473 i’ > 45.09 in’

M , .
o2 =118 firkips >112.50 fi-kips

4
I_=291in* <440 in* [no good]

Basing the selection on [, for deflection, for a W18 x 35 (see 4ISC Manual

Table 3-2),

LRFD

ASD

Z, =66.5 in® > 44.40 in’
¢, M, =249 frkips >166.50 fi-kips
I_=5101in" >440 in* [OK]

Z =66.5 in’ >45.09 in’

M . i
pr =166 ft-kips >112.50 ft-kips

]

I.=5101in* >440 in* [OK]

The design of the member is controlled by deflection rather than by yiclding.
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8. ZONE 2, INELASTIC BENDING: £, < L, S L,

In zone 2, the flexural member is subjected to inelastic lateral-torsional buckling, and
this limit state is applicablc in the design or analysis of thc member. Therefore, the
governing nominal flexural strength, as calculated with Eq. 5.9, must be less than or
equal to the full plastic moment.

r p

L-L
Mﬂ:Cb{Mp—(Mp—o.’leS‘)(L” LPJ]SM" [AISCEq. F22] 59

Calculating thc nominal flexural strength using Eq. 5.9 can be simplified with Eq. 5.10
and Eq. 5.11.

oM, =C,(4M,, ~BF(L,~L,))<4M,, [LRFD] 510
M M

My (Mer (s, -1, <M (asol

Q, Q, 2 o)

The bending factor (BF) for a specific beam depends on the beam’s properties and on
whether the LRFD or ASD method is being used. Values for bending factors are given
in the following AISC Manual tables.

e AISC Table 3-2 and Table 3-6: wide-flange (W) shapcs
¢ AISC Table 3-7: I-shaped (S) shapes

* AISC Table 3-8: chanael (C) shapes

e AISC Table 3-9: channel (MC) shapes

When the unbraced length of a beam exceeds the limiting length for plastic bending, L,,
but is no greater than the limiting length for inelastic bending, L,, the beam is subject to
inelastic lateral-torsional buckling. It is not possible to select such a member by
calculating a required plastic section modulus. The easiest way to select such a member
is to calculate the required flexural strength (M, for LRFD or M, for ASD) and use
AISC Manual Table 3-10 with the required flexural strength and the unbraced length.

Example 5.2
Zoue 2 Bending

A W21 x 50° beam' is 40 ft in length, and is lateraily supported at its ends and quarter
points. The beam supports a uniform dead load including the beam weight of
0.30 kip/ft and a uniform live load of 0,70 kip/ft.

"The superscript on the beam designation in the AISC Manual indicates that the member is
slender for compression with F, = 50 ksi. Either the flange width-to-thickness or web height-to-
thickness ratio exceeds the upper limit for 2 noncompact element, 4,, for uniform compression
as specified in AISC Specification Table B4.1.
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live load = 0.70 kip/ft
dead load = (.30 kip/ft

Supon T 7. support
| T
Section properties Material propertics

A=147id’ [,=249in" ASTM A992 stecl
d=208in S,=7.64 in’ F, =50 ksi
t,=0.380 in Z,=12.2in’°  F,=65 ksi
by =6.53 in re=1.64 in
4 =0.535 in h, =203 in
I, =984 in* J=114in*
5, =945 in’ C,. = 2570 in®
Z.=110in’

Determine whether the W21 x 50 steel beam is satisfactory and whether it meets the
deflection criteria for floor beams set forth in the IBC.

Solution
Calculate the design loads.
LRFD ASD
w, =1.2w, +1.6w, w.o=w,+w,
=(1.2)} 030 X =030 X2 070 ki
ft ft ft
=1.00 kip/ft
+(1 6)(0 70 k"’] o/
ft
=1.48 kips/ft
Calculate the required strengths.
LRFD ASD
p (1 48 klps)(40 &)’ P (1 00 ki‘ip)(m f)’
Mn = We = Ma = Wa =
8 8 8 8
=296 ft-kips =200 ft-kips

From AISC Manual Table 3-6, L, = 4.59 &, L, = 13.6 ft, BF = 12.2 kips (ASD) and
18.3 kips (LRFD), M,/Q, = 274 ft-kips, and ¢,M, = 413 ft-kips. The actual unbraced
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length, Ly, is 10 fi. Therefore, L, < L, < L, is true, and the beam’s failure mode is
zone 2. This mcans that it is subject to inclastic bending and lateral-torsional buckling.

Calculate the available flexural strength. For LRFD, from Eq. 5.10,
¢0Mn = Cb (¢bMpx - BF(Lb —Lp )) s ¢bMpx
=(1.0)(413 fi-kips~(18.3 kips) (10 ft—4.59 ft))

=314 fi-kips |:S M, =413 ﬁ"“"s]

> M, =296 fi-kips

For ASD, from Eq. 5.11,

M M
M, =C,| =-BF(L,-L,) |2
Qb Qb ? Qb

=(1.0)(274 fi-kips —(12.2 kips)(10 R —4.59 f))

=208 fi-kips [S My [ = o Mjps]
> M, =200 ft-kips

The preceding calculations arc based on a beam bending coefficient, C,, of 1.0. The

beam is satisfactory. The beam bending coefficieat for a uniformly loaded beam braced

at the quarter points is 1.06 for the two quarter lengths adjacent to the midspan of the

beam. (See Table 5.2.)

For LRFD, the beam is capable of supporting a maximum factored bending moment of
C,(#,M,)=(1.06)(314 R-kips) =332.84 R-kips [<g,M,, |

For ASD, the beam is capable of supporting a maximum allowable bending moment
due to service loads of

M . ;
C, (Q_"] =(1.06)(208 fi-kips) = 220.48 fi-kips [< M, [ Qb]

b

Calculate the moment of inertia required to comply with the IBC, Deflections are

calculated on service loads and not factored loads. The allowable deflection for the live
load is

L, ﬁ)(lz -‘f‘:—]

A, =
Lt 360 360

=133 in

PPI »- www.ppl2Zpass.com
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The required moment of inertia for the live load is

_ Sw, I
™ 3B4EA,

=(5)(0 70 k;tp](m ﬁ)‘[lz %‘)3

Kips )(1 33 in)

384)( 29,00
( )[ L

=1045.37 in*

For the total load,

(40 ft)(lz %)

AT = = =2.00in
240 240
_ 5WrL4
™ 384EA,

(5)(1 00 kf'tp)(m ﬁ)‘(lz %)]

(384)(29 000 l:‘n"s)(z.oo in)

=993.10 in*

The required moment of inertia for the specificd serviceability criteria is controlled by
the larger of the required values, 1045.37 in‘. The moment of inertia of a W21 x 50 is
984 in‘. This is not enough to meet the serviceability criteria. There are three possible
resolutions to this problem.

e Select a section with a larger moment of inertia.

» Specify that the beam be fabricated with a camber (the deflection
should be calculated to determine the amount of camber required).

e  Accept the beam based on engineering judgment.

Calculate the deflections for a W21 x 50. For the live load,

_ 5wl
L 384Er

(s)(o 70 )(40 )’ (12 %)3
i (384)(29 000 lilnps)(984m )

=1.41 in
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For the total load,

_ 5wl

" 384E1
(5)[1.00 %")(40 ﬁ)4(12 %])1
= (334)(29,000 %J(%tl in*)

=202 in

r

Specify a one inch camber, thereby reducing the live load deflection to 0.41 in and the
total load deflection to 1.02 in.

9. ZONE 3, ELASTIC BENDING: L,> L,

When the unbraced length of a beam exceeds the limiting length for inelastic bending,
L,, the beam is subject to elastic fateral-torsional buckling, and this is the applicable
limit state in the design and analysis of the beam.

It is not possible to select a beam for which L, > L, by calculating a required plastic
section modulus. The casiest way to select such a beam is by calculating the required
flexural strength (M, for LRFD, M, for ASD) and using AISC Manual Table 3-10 with
the required ficxural strength and unbraced leagth.

The governing nominal flexural strength will be less than or equal to the full plastic
momeat.

M, =F,S <M, [AISCEq.F23] 5.12

The critical stress, Fo, in Eq. 5.12 is

2 2
F. = Gy f 1+0.078 s L [AISC Eq. F2-4] 5.13
L Sk, )\
.

tr

In Eq. 5.13, the square root factor can be conservatively taken as equal to 1.0. r,, is the
effective radius of gyration and is

2 _ \!chw

fe =g [AISC Eq. F2-7] 5.14

£
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However, r, can be approximated accurately and conscrvatively as the radius of
gyration of the compression flange plus "¢ of the web.

r, 515
\/12[1+ i J
6b,1,

The limiting lengths L, and L, are

E
L,=1.76r, = [AISC Eq. F2-5] 5.16
¥
L, =195 | 2| [
0.7F, ]\ S.h,

517

Lo e gael[OT5 (5,0 i
X, 1+ ,|[+6. [ N J(YD [AISC Eq. F2-6]

For a doubly symmetrical I-shaped member, ¢ = 1.0. For a channet,
Example 5.3

h ’I,,
=-—2 |—— [AISC Eq. F2-8b 5.18
¢ 2\C, [ = ] '
Zone 3 Bending

The W8 x 18 steel beam shown is 14.5 ft long and is laterally supported only at the
beam ends.

v 77 = P
| 145t
Section properties

A=526in’ S, =15.2in’ h,=7.81in
d=8.14 Z,=17.0in’ J=0.172 in*
t,=0230in I,=1797in* . C.=122in°
b=525in S,=3.04in’ L,=434f
t;=0.330in Z,=4.66 in’ L=135f
I.=619in* re=143in
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Material properties
ASTM A992 steel
F, = 50 ksi
F, =65 ksi

Determine the available moment capacity of the beam.

Solution
The unbraced length, L,, is 14.5 f, which exceeds L,. The beam is thus in zone 3

bending and is subject to clastic lateral-torsional buckling. Calculate the nominal
moment capacity. From Eqg. 5.18,

h [ . . . - 4
=l _,,2781111 ’797-"15 ~1.00
2\NC, 2 122 in

From Eq. 5.13, the critical stress is

7 2
F=8"E i 0078 L |[L
[L,,J S\t

r

Is

I+(0.078)[ (0.172 in*)(1.00) ]

(15.2 in®)(7.81 in)

(1)7? (29,000 kjps]

_ in® o 2
2
n (145 ﬁ)(lZ —)
(14.5 ft)(lz E—) % : f
o 1.43 in
K in
=31.61 ksi

From Eq. 5.12, the nominal moment capacity is the lesser of

(31.61 lf“f‘)(ls.z in’)
F.S = . =40.04 fikips {controls]
12 —
M, <! ft
(50 lf‘pf)(n.o in’ )
M,=F_Z =>—=

.

=70.83 ft-kips

12 2
ft
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Calculate the available flexural strength using LRFD and ASD.

LRFD ASD
#, M, =(0.90)(40.04 fi-kips) M, _ 40.04 fi-kips =23.98 f-kips
=36.04 fi-kips Q, 1.67

These calculated moment capacities are comparable to the 36.0 fi-kips and 24.0 fi-kips
obtained from AISC Manual Table 3-11. The lateral-torsional buckling modification
factor, C,, for a uniformly loaded beam braccd at the ends only is 1.14. Therefore,
taking the modification factor into consideration, the calculated available strength is as

follows.
LRFD ASD
C, (o.M }=(1.14}(36.04 R-kips
s (4M, ) =(1.14)( : ps) C,| Mo | = (1.14)(23.98 fi-kips)
=41.09 fi-kips Q,
=27.34 fi-kips

The calculated available strengths are less than ¢ M, and M,,/Q,, respectively.

10. WEAK AXIS BENDEING: I- AND C-SHAPED MEMBERS

When a beam is bent about its weak axis, lateral-torsional buckling will not occur.
Therefore, the beam will fail in yielding or flange local buckling. The nominal flexurat
strength, M,, shall be the lower value obtained according to the limit states of yiclding
and flange local buckling. The yielding limit state will govern the design, provided the
flanges are compact.

All current ASTM A6 W, S, M, C, and MC shapes except the following have compact
flanges at F, < 50 ksi: W21 x 48, W14 x 99, W14 x 90, W12 x 65, W10 x 12,
W8 x31, W8 x 10, W6 x 15, W6 x 9, W6 x 8.5, and M4 x 6.

The nominal flexural strength for yielding is
M,=M,=FZ <16F,S, [AISCEq. F6-1] 5.19
For sections with noncompact flanges, the nominal flexural strength is

A-4,

M, =M, - (M, -0-753y)(m
(; P

J [AISC Eq. F6-2] 5.20

For sections with slender flanges, the nominal flexural strength is

M, =F_S, [AISCEq.F6-3] 521
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For Eq. 5.21, the cnitical flexural stress is

F, = 0'6952 [AISC Eq. F64] 5.22
&)
2,
Example 5.4

Compact W Shape, Weak Axis Bending
A W10 x 30 steel beam is 20 ft long and is subjected to bending about its weak axis
only.

Section propertics Material propertics
A=8.84in" Z, =36.6 in’ ASTM A992 steel
by=581in 1,=16.7in* F, =50 ksi
tr=0.510in S§,=5.75 i’ F,=65ksi
L,=170in* Z,=884i0’
5,=324in°

Calculate the nominal flexural strength for yielding about the weak axis.
Solution

The W10 x 30 has compact flanges, or else it would bec noted as an exception in
AISC Manual Table [-1. This could also be proved by determining the slenderness
ratio, 4 = b/t, of the flanges.

Use Eq. 5.19 to find the nominal flexural strength for yielding.

(50 lf"’zs)(s.szt in’)
FZ, =t =36.83 fi-kips [controls]
n
12 =
M, < f
(1.6)(50 lf‘pf)(s.vs in’)
1.6F,S, = = =38.33 ft-kips
n
122
L f
Calculate the available flexura! strength.
LRFD ASD
#,M, =(0.90)(36.83 fi-kips) M, 3683 frkips ) oo i
=33.15 fi-kips Q, 1.67
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AISC Manual Table 34 lists the following values: &M, = 332 f-kips and
M, /1Q, = 22.1 R-kips.

Example 5.5
Noucompact W Shape, Weak Axis Bending
A steel W12 x 65' beam? is 30 R long and is subjected to bending about its weak axis

only.
Scction propertics Matenial propertics
= 19.1 in® Z,=96.8in’ ASTM A992 steel
b=12.0in I,=174 in* F, =50 kst
£;=0.605 in S,=29.1 in’ F,=65ksi
[,=533in’* Z,=44.1in’
S, =879in’

Calculate the nominal flexural strength for yielding about the weak axis.

Solution

As indicated by the superscript in AISC Manual Table 1.1, The Wi2 x 65 h
compact flanges at F, = 50 ksi. This could also be proved by detcrmin
slenderness ratio, 4 = b/t, of the flanges.

Check whether the flanges are compact, noncompact, or slen
AISC Specification Table B4.1, case 1.

k.lps
E lIl
A, =038 — =038 =
y v 50 p
ID
=9.15
E 29.000 k‘ps
Ay =10 =10 [— o'
F, V 50 B8
IIl
=24.08
b, 120in

“ 21, (2)(0.605 in)
=992 [lp <A<i,s0 noncompact]

*The superscript means the shape exceeds the compact limit for flexure for F, = 50 ksi, as noted
in AISC Manual Table 1-1.
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The flanges arc noncompact but not slender, and the nominal moment capacity is
calculated with Eq. 5.20. First, usc Eq. 5.19 to calculate M,.

[50 klpSJ(44.l in’
in .
F;Zy = : =183.75 fi-kips [controls]
12
M, <4
kips
(1.6)(50 )(29 1in’)

1.6F,S, = | e =194.00 fi-kips

L ft
From Eq. 5.20

=183.75 ft-kips-| 183.75 ft-kjps — (

)29[

in
Sy

x( 9.92-9.15 )

24.08-9.15
=178.65 fi-kips
Calculate the available flexural strength using LRFD and ASD.
LRFD ASD
#,M, =(0.90)(178.65 fi-kips) M, _178.65 fikips
=160.79 fikips Q, 167

=106.98 ft-kips

AISC Manual Table 34 lists hM,,, as 161 f-kips and M,,/Q, as 107 fi-kips.

11. SQUARE AND RECTANGULAR HSS AND BOX MEMBERS

Square and rectangular hollow structural sections (HSS) and doubly symmetrical
box-shaped members bent about either axis may have compact or noncompact webs,
and compact, noncompact, or slender flanges, as defined in AISC Specification

Table B4.1. (See Table 5.5.)
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Table 5.5 Compactness Criteria for Square and Reclangular HSS Sections (Fy = 46 ksi)

compression flexure shear

nominal nonslenderup to  compactupto compactupto C,=1.0upto
wall flange width of  flange width of web widthof  web depth of
thickness (in) (in) (in) (in)
Slyin 20 18 20 20

'/ in 16 14 20 20
*fyin 12 10 20 20

*16 in 10 9 18 - 18

Yain 8 7 14 t4

6 in 6 5 10 10

'/g in 4 3.5 7 7

{Multiply in by 25.4 to obtain mm.)
Source: AISC Specification Table B4.1

Square and rectangular HSS bent about thc minor axis are not subject to latcral-
torsional buckling, These closed cross sections have a high resistance to torsion, and
thercfore the unbraced lengths L, and L, are large in comparison to I-shaped members.
The length of L, is so large that deflection will almost always govern the design before
an unbraced length of L, is reached.

The nominal fiexural strength, A, is governed by the lowest of the values given by
three limit states: yielding (plastic moment), flange local buckling, and web local
buckling under pure flexure. The values of M, for these limit states are obtained from
the following eguations.

For yielding,
M,=M,=FZ [AISCEq.F7-1] 5.23

Flange local buckling does not apply to compact sections. For sections with
noncompact flanges,

M, =MP _'(Mp _FyS)

F
x[3.57($)‘/% —4.0) <M, [AISCEq.F7-2] 524

For sections with slender flanges,

M, =F,S; [AISCEq F7-3] 5.25
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The cffective section modulus, Sy, is calculated taking the cffective width of the
compression flange as

b, =192 2 l—@ LS <b [AISCEq. F74] 5.26
1 2 F

{

Web local buckling does not apply to compact sections. For sections with noncompact
webs,

M, = Mp—(Mp —Fny)

hY IF
x(OJOS(TNE’ —0.738} <M, [AISCEq F7-5] 5.27
Example 5.6

Compact Rectangular HSS Member
Determine thc design flexural strength and allowable flexural strength of an
HSS6 x 4 x '/ member with the following properties.

Section propertics Material properties
A=430in’ L=111in" ASTM A500, grade B steel
1=0.233 in S, =5.56 in’ F, =46 ksi
[,=209 in* Z,=6.45in’ F,=58 ksi
S5, =6.96 in® blt=14.2
Z,=8.53 in’ hit=228

Solution

Determine whether the member is compact for flexure. For the flanges (using
AISC Specification Table B4.1, case 12),

PPl » www.ppi2pass.com
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The webs are compact. (Whether flanges and webs are compact could also be found
from Table 5.5. For a wall thickness of /4 in, Table 5.5 shows that the flanges would be
compact up to a width of 7 in and the webs would be compact up to a width of 14 in.)

Usc Eq. 5.23 to calculate the nominal moment capacity bascd on the limit state for

yiclding.
. <3
M,=M,=FZ, =(46 lf‘pf) 853 in
mn n
12 —
ft
=32.70 ft-kips
Calculate the available flexural strength.
LRFD ASD
¢, M, =(0.90)(32.70 fi-kips) M, 3270 fi-kips
=29.43 fi-kips Q, 1.67
=19.58 ft-kips

AISC Manual Table 3-12 lists @M, as 29.4 ft-kips for LRFD and M,./Q, as
19.6 f-kips for ASD.

Example 5.7
Noncompact Rectangular HSS Member

Determine the design flexural strength and allowable flexural strength of an
HSS16 x 8 x '/, member with the following properties.

Section properties Material properties
A=1038 i’ L,=127 in’ ASTM A500, grade B steel
t=0.233 in S,=31.7 in’ F, = 46 ksi
I, =368 in* Z,=35.0in’ F,=58ksi
5, =46.1in’ bit=31.3
Z,=56.4in’ hit=65.7
Solution

Determine whether the member is compact. For the flanges, using AISC Specification
Tabic B4.1, case 12,

A
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The flanges are not compact, For the webs, using A/SC Specification Table B4.1,
case 13,

The webs are not compact. Determine whether the member is slender. For the flanges,
using AISC Specification Table B4.1, case 12,

7 29,000 IS
A,=140 |— =140 | — 10 =355 [/, sonot slender]
F kips
i \ 46 —5-
1mn

The flanges are not slender. For the web, using AISC Specification Table B4.1, case 13,

The webs are not slender. Calculate the nominal moment capacity using Eq. 5.24 based
on the limit state for flange local buckling. First, use Eq. 5.23 to calculate M,

o
M,=Fz =[46 KBS ) 3641 |, ¢ 90 Rekips
P yoIz lﬂz in
12 2
. h
{ b F
M,=M,-(M,-F,s,) 3.57[7]1/?”—4.0%1\4,
\
. . J
=216.20 f-kips—| 216.20 ﬁ—kips—(46 lf“f‘) 4615
1n n
12 2

x| (3.57)(31.3)

=198.42 fikips [< M, =216.20 f-kips
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Use Eq. 5.27 to calculate the nominal moment capacity based on the limit state for web
local buckling.

= 0.305[4) |2 —0.738 | <
M,=M,-(M,-F,S)|0. SN 078 (<M,

kips )| 46.1 in’
iﬂz J 12 E
ft

=216.20 ft-kips —| 216.20 ft—kips—(46

x| (0.305)(65.7)

=213.83 ft-kips [< M, =216.20 R-kips |

The nominal moment for the limit state of flange local buckling is less than that for
web local buckling and thereforc is the controlling value. Calculate the available
flexural strength.

LRFD ASD
¢, M, =(0.90)(198.42 fi-kips) M, _198.42 fi-kips
=178.58 fr-kips Q, 1.67

=118.81 ft-kips

AISC Manual Table 3-12 lists ¢M,. as 178 ft-kips for LRFD and M,./Q, as 119 fi-kips
for ASD.

12. ROUND HSS MEMBERS

This section applies to round hollow structural section (HSS) members having D/t
ratios of less than 0.45E/F,.

To obtain the nominal flexurai strength, M, calculate the values obtained from the
limit states of yielding and local buckling, and take the lower of the two values. The
values of M, for these states are calculated with the following cquations.

For yielding, the nominal flexural strength is

M,=M,=F,Z [AISCEq. F8-1] 5.28

Local buckling does not apply te round compact members. For noncompact sections,
slenderness must be checked using AISC Specification Table B4.1, case 15.
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If walls arc not slender,

0.021
M = DE+Fy S [AISC Eq. F8-2] 529

!

For sections with slender walls,
M =F,S [AISCEq. F8-3] 5.30
For Eq. 5.30, the critical flexural stress is

F =92£ [AISC Eq. F84] 5.31

<r

!

Example 5.8
Compact Round HSS Member

Determine the available flexural strength for an HSS14.000 x 0.375 member that has
the following properties.

Section properties Material properties
A=15.0in? S=49.8 in’ ASTM AS500, grade B steel
t=0.349 in Z=65.1in° F,=42 ksi
I=349 in* Dit=40.1 F, =58 ksi

Solution

Determine whether the member is compact using AISC Specification Table B4.1,
case 15.

(0. 07)[29 000 k‘ps)

A = 0.07F _ — M /-4833 [> D1, so compact]
F, 42—
m

The member is compact, so use Eq. 5.28. Calculate the nominal moment capacity.

. 3
M,=Fz= (42 l“ps) S1m 227,85 fekips
in* )| o 18
f

PPl » www.ppiZpass.com



5-32

STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

Calculate the available flexural strength.

LRFD ASD
¢, M, =(0.90)(227.85 fi-kips) M, 227.85 ft-kips
=205.07 ft-kips Q, 1.67

=136.44 fi-kips

AISC Manual Table 3-14 lists ¢hM, as 205 fi-kips and M./, as 136 R-kips.

Example 5.9
Noncompact Round HSS Member

Determine the availabie flexural strength for an HS514.000 x 0.250 member that has
the following properties.

Section propertics Material propertics
A=10.1in" §=34.1in’ ASTM A500, grade B stecl
t=0.233 in Z=442in’ F,=42 ksi
1=239 in* Dit=60.1 F,=58 ksi

Solution

Determine whether the member is compact using AISC Specification Table B4.1,
case 15.

0.07E

A =0as

? F

¥
(0.07)(29,000 l;‘n"f]
kips

Qe
n

=48.33 [< D/t, so not compact]

42

The member is not compact. Use Eq. 5.28 and Eq. 5.29 to dctermine the nominal
flexural strength. For yielding,

M,=FzZ

a + 3
=(42 lups) 442 in

. 2 -
n 1222
ft

=154.70 fi-kips
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For local buckling,

)
0.021E
M, = D +F, (S
_y
((0 021)( 29,000 KIBS
R ’ in? kips || 34.1 in’
- 60.1 MRl in
o 12 =
\ f

=148.14 ft-kips {controls]

The limit statc of local buckling governs. Calculate the available flexural strength.

LRFD ASD
#M, =(0.90)(148.14 ft-kips) M, 148.14 fi-kips
=133.33 f-kips Q, 1.67
=88.71 ft-kips

AISC Manual Table 3-14 lists ¢,M, as 133 fi-kips and M,/Q, as 88.8 ft-kips.

13. TEES AND DOUBLE ANGLES LOADED IN THE PLANE OF
SYMMETRY

In the design and analysis of tees and double angles, the most obvious thing to consider
is whether the stem of the member is in tension or compression. The nominal strength,
M,, of these members is governed by the lowest value obtained from the limit states of
yielding (plastic moment), lateral-torsional buckling, and flange locai buckling.

For yielding, use Eq. 5.32 or Eq. 5.33. For stems in tension,
M,=M_,=FZ <1.6M, [AISCEq.F9-1and Eq. F9-2] 5.32
For stems in compression,
M,=M,<M,  [AISCEq. F9-1 and Eq. F9-3] 5.33
For lateral-torsional buckling, use Eq. 5.34.

M, =M, =[Lfwa(B+JHBZ) [AISC Eq. F9-4] 5.34

(]
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In Eq. 5.34, the term B is

I
B= ﬂ:2.3(-‘—i—] -~ [AISC Eq. F9-5] 5.35
L, \} J

In Eq. 5.35, usc the plus sign when the stem is in tension and the minus sign when the
stem is in compression. Use the minus sign if the tip of the stem is in compression
anywhere along the unbraced length.

Flange local buckling does not apply to tees with compact sections. For both
noncompact and slender sections, use Eq. 5.36.

M_=F.S_ [AISCEq.79-6] 5.36

For noncompact sections, the critical stress, Fy, in Eq. 5.36 is

b, [F,
F_=F1.19-050] =~ |,|—= | [AISCEq. F9-7] 5.37
7 20, IVE

For slender sections, F; is

F. = 0.695;
bf
2,
Example 5.10

WT Shape Flexural Member

The WT section shown is used as a beam spanning 10 ft with the stem of the tee in
tension. The beam is braced continuously and supposts a uniform dead load including
the beam weight of 0.10 kip/ft and a uniform live load of 0.30 kip/ft.

live load = 0.30 kip/t
dead load = 0.10 kip/ft

EEERRRRNRRNNNNNN
pinned _ roller T

[AISC Eq. F9-8] 5.38

support Z 7 support side
| | elevation
' 10 ft )
elavation
Material properties

ASTM A992 steel

F = 50 ksi

F,=65ksi

There arc no deflection requirements. Select a WT section to meet the loading
requircments.
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Calculate the required flexural strength. The loading is

LRFD ASD
w, =1.2w, +1.6w, W =W,k w,
ki . .
=(|.2)(0.10 i) =0.10 &P, 930 KiP
ft ft
; =0.40 kip/ft
+(l.6)(0.30 5’-‘3) v/
ft
=0.60 kip/ft
The moment is
LRFD ASD
2 2
M, = w,L M, = w, L
8 8
(0.60 ﬂ)(lo i)’ (0.40 ﬂ)(lo ft)’
= f _ ft
8 8
=7.5 ft-kips =5.0 ft-kips
Because the stem of the tee is in flexure, make a trial selection of the tee based on the
flexurat yielding limit state.
LRFD ASD
Mu s ¢5F;Zx M < F;Zx
—_ Mu ) Qb
o ¢be Z - MaQb
xqoq F
(7.5 ﬁ-kips)(lZ —J ! :
. in
= - (5.0 ﬁ—lqps)(l.67)(12 —)
(0 90)(50 k“f) - : i
kips
50 ==
=20 in’ in
=2.0 in’
Try a WT5 x 7.5 with the following section properties.
[;=545in" S, = .50 in’ 4=0270 in
Z=271in’ b;=4.00 in ¥y =137in
. 4
5. =_I__,= 5.45 in =398 in’
y 137
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Use Eq. 5.32 to calculate the nominal flexural strength based on the limit state of
yielding.

(50 lf“f)(z.ﬂ in’)
n
FZ, = .
y=sx
12 =
R
=11.29 fi-kips
M, < _
(1.6)(50 lf"’f’J(l.so in®)
1.6M, =1.6F,S, = -
22
f
| =10.00 ft-kips [controls]

The lesser value governs. Check whether the flange is compact using ASSC
Specification Table B4.1, case 7.

29,000 IS

A,=0.38 ’£-=0.38 —— =915
Fy \ 50.—p

2

n
b 4.00 in
A=—L{= =741 [1<A,
21, (2)(0270 in) [4<2,.50 compac]

Because the section is compact, the stated lateral-torsional buckling limit does not
apply. Calculate the available flexural strength.

LRFD ASD
8,M,, =(0.90){10.00 fi-kips) M, _10.00 fi-kips
=9.00 ft-kips Q, 1.67
[z M, =7.5 fi-kips] =5.99 f-kips
[2 M, =5.0 f-kips]

The trial member meets the requirements for LRFD and ASD. Similar calculations

show that the next lighter scction, a WT35 X 6, does not have the available flexural
strength to meet the requirements.

14. REDUCTION REQUIREMENTS FOR FLANGE HOLES

AISC Specification Sec. F13 covers several issues pertaining to the proportions of
beams and girders. Section F13.1 covers hole reductions.
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Under some circumstances, a reduction may be required in the nominal flexural
strength at holes in the flanges. This is required in order to prevent tensile rupture of
the teasion flange. The limit state of tensile rupture docs not apply if Eq. 5.39 is met.

F,A,2Y,F A, [ASCScc Fi3.1] 5.39

Ag and Ay, are the gross and net flange areas, respectively. The hole reduction factor,
Y, is 1.0if F,/F, <0.8 and is 1.1 otherwise.

If Eq. 5.39 is not met, then the nominal flexural strength at the holes in the tension
flange is limited by Eq. 5.40.

X

F A
M s(—"—ﬁ'—]s [AISC Eq. F13-1] 5.40

Example 5.11
Reduction for Holes in Tension Flange for M,

A W12 X 40 steel beam has holes in the tension flange for /g in diameter bolts. The
bolt holes are not staggered, so there arc two holes, onc in each flange, in a line

perpendicular to the beamn web.
Section properties Material propertics
A=117in* 5.=515in’ ASTM A992 steel
N . by=8.01in Z.=57.0in’ F,= 50 ksi
4=0515in F, =65 ksi

Calculate the nominal moment capacity of the section, taking into consideration the
holes in the tension flange of the beam.

Solution
The gross area of the tension flange is
Afg =bftf = (8.0] in)(0.515 in) =4.13 in?
The total area of the holes is
4, =nbolutfdhu|= = Ml (dbol: +0.125 in)

=(2)(0.515 in)(0.875 in+0.125 in)
=1.03 in’

The net area of the tension flange is

A, =A,—A,=413in’ =103 in> =3.10 in’®
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Calculate the ratio of yield strength to rupture strength to determine the valuc of ¥,

5 50 klps
L= =0.77 [<08,s0Y, =1.0]
P g s

in

Use Eq. 5.39 to determine whether tensile rupture applies.

F:lAﬁ' 2 YnyAfg

(65 l“‘”‘)(3 10 in?) 2 (1 0)(50 klps)(4 13 in?)

111
201.50 kips = 206.50 kips [no good]

Equation 5.39 is not satisfied, so a tensile rupture state exists, and thercfore the nominal
moment, M,, must be reduced. Caiculate the reduced available flexural strength using

Eq. 5.40.
,
FA
M, == ﬁ]s,
k A
(65 l""’5)(3 10 in?)
(51.5in")
4.13 in?
= \ n
12.2
fi
=209.39 ft-kips

The nominal moment capacity of the section is about 209.39 ft-kips.

15. PROPORTIONING LIMITS FOR I-SHAPED MEMBERS

The following proportioning limits apply to plate girders and other fabricated I-shaped
beams that are not rolled members.

For singly symmetrical [-shaped members,

<£0.9 [AISCEq.F13-2] 5.41

c
[
»----.I,’i

For I-shaped members with slender webs, the following limits must also be met.
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For a’h < 1.5, where a is the clear distance between transverse stiffencrs,

(iJ =117 Ii [AISC Eq. F13-3] 5.42
L, ) . F,

h 0.42EF
—| =z [AISC Eq. F134] 5.43

Fora/h> 1.5,

4

w 14

In unstiffened girders, Aft, must not be more than 260. The ratio of the web area to the
compression flange arca must not be more than 10.

16. COVER PLATES

AISC Specification Sec. F13.3 provides the specifications for cover plates and methods
of connecting girder flanges to girder webs. Flanges of welded beams and girders can
vary in thickness or width through the use of cover plates and by splicing plates
together.

For bolted girders, cover platcs must not make up more than 70% of the total cross-
sectional flange arca.

Partial-length cover plates must extend beyond the theoretical cover plate termination
by a distance sufficicat to develop the cover plate’s portion of the strength of the beam
or girder at a distance o' from the end of the cover plate.

e  When there is a continuous weld greater than or equal to three-fourths of the
plate thickness across the end of the plate, a’ = w.

¢ When there is a continuous weld smaller than three-fourths of the plate
thickness across the end of the plate, a’ = 1.5w.

*  When there is no weld across the end of the plate, a’ = 2.0w.

17. BEAM SHEAR

Design of members for shear is specified in AISC Specification Chap. G, which is
divided into the following sections.

Gl General Provisions

G2 Members with Unstiffened or Stiffened Webs

G3 Tension Field Action

G4 Single Angles

G5 Rectangular HSS and Box Members

G6 Round HSS

G7 Weak Axis Shear in Singly and Doubly Symmetric Shapes
G8 Beams and Girders with Web Openings
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In rolled W, M, and S shape beams, shear stresses will seldom be the goveming design
criteria, except for heavily loaded short span beams or heavy concentrated loads near
the end of the span. Therefore, it is important to check the becam shear, which can be
donc quickly, cither by calculation or by looking at ¢,¥, and V,/€, in the maximum
total uniform load tables, A/SC Manual Table 3-6 through Table 3-9.

The design shear strength, @/, and the allowable shecar strength, V,/Q,, are
determined as follows.

The nominal shear strength, V,, of unstiffened or stiffened webs, according to the limit
states of shear yiclding and shear buckling, is

V,=06F,A4,C, [AISCEq. G2-1] 5.44

For webs of rolled I-shaped sections that meet the criterion hft, < 2.24 E/ F,,the

resistance factor for shear, ¢, is 1.00 (LRFD); the safety factor for shear, Q,, is 1.50
(ASDY); and the web shear coefficient, C,, is 1.0.

All current ASTM A6 W, S, and HP shapes except W44 x 230, W40 x 149,
W36 x 135, W33 x 118, W30 x 90, W24 x 55, W16 x 26, and W12 x 14 meet this
criterion for values of F, up to 50 ksi.

For all other provisions in ASIC Specification Chap. G, the resistance factor for shear,
¢, is 0.90 (LRFD), and the safety factor for shear, €, is 1.67 {ASD). The web shear
cocfficient, C,, must be calculated.

For webs of all doubly symmetric shapes and singly symmetric shapes and channels
(except for round and HSS) that do not meet the preceding criterion, the web shear
coefficient, C,, is calculated as follows.

If hft, <1.10f E/F,,

C,=1.0 [AISCEq.G23] 5.45
If 1.10, fkvE/Fy <hft, <137, {kvE/Fy,
1.10 kE
F_V
C, = [AISC Eq. G2-4] 5.46
f,
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If Aft, > l.37,fkvE/Fy ,

C :—ISI—ZEk [AISC Eq. G2-5] 547

" (h
(r] E
Example 5.12

Rolled Beam Shear Capacity

Using LRFD and ASD, determine the shear strength of a W18 x 50 steel beam that is
30 ft long and that has the following propertics.

Section propertics Material properties
A=14.7i’ by =1.50 in ASTM A992 steel
d=18.00in 4 =057 F, = 50 ksi
t,=0355in F, = 65 ksi
Solution

Check the A/t,, ratio.

50.70<53.95 [oK]

Therefore, @, = 1.00, Q = 1.50, and C, = 1.0. (In practice, checking the A/t ratio is not
necessary. All current rolled I-shaped members except those listed earlier in this
section meet the A/t, ratio requircments.) From Eq. 5.4,

V,=06F AC, =0.6F, (dtw)C,
kips
=(0.6)| 50
( )( in2
=191.70 kips

)(18.00 in}(0.355 in)(1.0)
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The shear strength is

LRFD ASD
¢,P, =(1.0)(191.70 kips) £, _1OL70Kips _ o7 80 kips
=191.70 kips Q, 1.50

AISC Manual Table 3-6 provides the following values: ¢.P, = 192 kips, P,/Q, =
128 kips.

18. SHEAR CAPACITY OF RECTANGULAR HSS AND BOX MEMBERS

The nominal shear capacity, V,, of rectangular and square sections is determined by
AISC Scc. G2.1, where the shear area is 4, = 24¢,. In calculating the effective shear
area, t,, = { and k,= 5. h is the width resisting the shear force and is taken as the clear
distance betwecn the flanges less the inside comer radius on each side. When the
corner radius is unknown, 4 is taken as the corresponding outside dimension less three
times the web thickness.

Example 5.13
Shear Capacity of Rectangular HSS
Determine the design and allowable shear capacities of an HSS6 x 4 x ¥4 member that

has the following propertics.
Section properties Material properties
1=0.233 in r,=2.20in ASTM A500, grade B steel
A=430in’ Z,=853in’ F, = 42 ksi
bit=14.2 I,=111in" F,= 58 ksi
hit=22.8 S, =5.56 in’
1,=209 in* r,=1.61in
S, = 6.96 in’ Z,=645in’
Solution

Calculate the effective height, A.
h=d-3t,=6 in—(3)(0.233 in)
=5301n
Calculate the shear area.
A,=2ht,=(2)(5.30 in){0.233 in)
=247 in®
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Calculate h/t,,.
i= 5.30 in =925
t(, 0233in
Determine the web shear cocfficient, C,.
h <1.10 k,E
t, Y
(5)(29,000 ‘f’-‘?)
22.75<1.10 = S“‘
46 ~B
in
<6i.76
Therefore, use Eq. 5.45.
C =10

(Most standard HSS scctions listed in the AISC Manual bave C, = 1.0 at F, = 46 ksi.)
Use Eq. 5.44 to calculate the nominal shear.

V,=0.60F 4.C,
kips
inz

=(0.60)(46 ](2.47in=)(1.0)

=68.17 kips

Calculate the design strength and the allowable strength.

LRFD ASD
@V, =(0.90)(68.17 kips) ¥, _ 68.17 kips
= 61.35 kips Q, 1.67
=40.82 kips

19. SHEAR CAPACITY OF ROUND HSS

Equations for the shear capacity of round HSS members are given in AISC
Specification Sec. G6. The nominal shear strength, V,, of round HSS members
according to the limit states of shear yielding and shear buckling is

F_4
V= 5 £ [AISC Eq. G6-1] 5.48
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Fo is the larger of the following (from A/SC Specification Eq. G6-2a and Eq. G6-2b),
but may not be greater than 0.6F,.

1.60E
F, =——=——7 [AISCEq.G6-2a| 549
5_(2)”‘
D¢
_0.78E

« =gz [AISC Eq G6-2b] 5.50
D
(%)

L, is the distance from maximum to zero shear force.

Example 5.14
Shear Capacity of Round HSS

Determine the design shear and allowable shear strengths for a round HSS10.000 x
0.25 member with the following propertics. The beam is 20 ft long and is subjected to
a uniform load.

Section properties Material properties
t=0.233 in r=3.45in ASTM AS500, grade B steel
A=1715in’ Z,=222in’ F, =42 ksi
/=853 in* D/it=429 F,= 58 ksi
$=171in’
Solution

Because the beam is uniformly loaded, the distance from the maximum shear force and
zero shear force is L, = 10 ft = 120 in. Determine the critical shear stress, F, using
Eq. 5.49 and Eq. 5.50.

[ kips
(l.60)(29,000 : ,J
1.60E = — " J) 122,00 ksi
Sl \/ = (42.9)"
F o> D\ ¢ 10in
‘-ﬂ' =5 .

078E (0.78)[29,000 lf‘f)
= - =80.50 ksi

(2) (42.9)
!

kips
i.ﬂ F

¥ . 0.60F, = (0.60) [42 )= 25.20 ksi  [controls]
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Calculate the nominal shear strength, ¥, using Eq. 5.48.

(25.20 kjps](?.ts in?)

=2

= - =90.09 ki
"2 2 kips

Calculate the design shear strength and the allowable shear strength.

LRFD ASD
¢,¥, =(0.90)(90.09 kips) Y. _9009kips _ 4 oo kips
= 81.08 kips Q,  Le7
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Flanges and Webs with
Concentrated Loads

Nomenclature

A

darca
loaded arca

maximum arca of supporting surface that is
geometrically similar to and concentric with
loaded area 4,

width

width of plate

depth

dead load

modulus of elasticity

specified compressive strength of concrete
strength or stress

height

moment of inertia

distance from outer face of flange to web toe of
fillet

coefficient for slender unstiffened elements

distance from outer face of flange to web toe of
fillet, as a decimal value for design calculations

distance from outer facc of flange to web toe of
fillet, as a fractional value for detailing
calculations

effective fength factor

effective length

slenderness ratio

length

live load

moment, flexural strength, or moment strength
effective cantilever length

length of bearing

in’
in

in

Ibf
in-1bf
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P bearing stress Ibf/in*
P axial strength Ibf
P force Ibf
r radius of gyration in
R strength lbf
R, R;, Rs  bcam end bearing constants Ibf
Ry, Ry, Ry beam end bearing constants ibffin
S elastic section modulus in’
t thickness in
w load per unit length Ibf/in
x distance from member end in
Z plastic section modulus in’
Symbols

¢ resistance factor (LRFD) =
Q safety factor (ASD) -
Subscripts

a required (ASD)

c compression flange

cr critical

Cross cross-shaped column

e elastic critical buckling (Euler)

eff effective
¥ flange

g Bross

max maximum

n net or nominal

p plastic bending

req required

stiff stiffener

u required (LRFD) or ultimate tensile

w web

x about x-axis

¥y about y-axis or yield
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FLANGES AND WEBS WITH CONCENTRATED LOADS

1. INTRODUCTION

The design requirements for concentrated loads applied to flanges and webs of
I-shaped members arc contained in Sec. J10 of the AISC Specification, which goveras
design considerations for the following limit states.

o flange local bending (AISC Sec. J10.1)

o web local yielding (AISC Sec. J10.2)

e web crippling (AISC Sec. J10.3)

e web sidesway buckling (AISC Sec. J10.4)

e web compression buckling (AISC Sec. 10.5)
e web panel zone shear (AISC Sec. J10.6)

The required strength must be less than or equal to the available strength.

R, <¢R  [LRFD] 6.1
R, 5% [AsD] 6.2

Whea the required strength is greater than the available strength for the applicable limit
states, transversc stiffener plates (also called continuity plates) or doubler plates and
their attaching welds must be sized for the difference between required and available
strengths. Figure 6.1 shows the use of stiffener plates and doubler plates.

Figure 6.1 Stiffener Plates and Doubler Plates
-+ =
stiffener plates: perpendicular
to web of beam or column

doubler plates: parallel
to web of beam ar column
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In Fig. 6.2, forces P, and P, induce single tensile forces on the flange and web. Forces
P; and P, induce single compressive forces on the flange and web. Moments M, and
M, double the tensile forces Ps and P; and double the compressive forces P and Py on
the flanges and web of the beam.

Figure 6.2 I-Shaped Beam with Flanges and Webs Subjected to Concentraled Loads

Vs
Ps Ps
T Py Py

TR

P P

A 4

2

Forces P, and P, are applied at a distance from the end of the beam that is less than or
equal to the beam depth, d. Forces P, and P; are applied at a distance from the beam
end greater than d. This distinction often affects calculations, as shown later in this
chapter.

2. FLANGE LOCAL BENDING

The limit state of flange local bending applies to tensile single-concentrated forces and
the tensile component of double-concentrated forces.

For the limit state of flange local bending, the design strength, ¢R,, and the allowable
strength, R, /€}, are calculated using Eq. 6.3 for the value of R,. For LRFD, ¢ = 0.90,
and for ASD, Q2 =1.67.

R, =6.25(;F,, [AISCEq.110-1] 6.3

If the length of the loading across the member flange is less than 0.15 times the flange
width, 0.155 Eq. 6.3 need not be checked.

When the concentrated force to be resisted is applied at a distance from the member
end that is less than 104, R, must be reduced by 50%. When required, use a pair of
transverse stiffeners.
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3. WEB LOCAL YIELDING

This section applies to singlc-concentrated forces and both components of double-
concentrated forces. Figure 6.3 shows the nomenclature used in calculating web
yiclding and web crippling.

Figure 6.3 Nomenciature for Web Yielding and Web Crippling

g | e
o

illet N+5k
_ TR

7/////////////#//1

L R R

For the limit state of web local yiclding, ¢ = 1.00 (LRFD) and Q = 1.50 (ASD).
Available strength is determined as follows.

When the concentrated force to be resisted is applied at a distance from the member
end that is greater than the depth of the member, d, then the nominal strength, R,,, is

R =(Sk+N)E. 1, [AISCEq.J10-2] 6.4
When the concentrated force to be resisted is applied at a distance from the member

end that is less than or equal to the depth of the member, d, then the nominal strength,
R, is

R, =(2.5k+N)F,t, [AISCEq.1103] 6.5

In these equations, & is the distance from the outer face of the flange to the web toe of
the fillet, and N is the length of bearing (not less than & for end beam reactions). For W-
series beams, usc Ay, and not ks, from AISC Manual Table 1-1, because these are
engincering calculations and not detailing dimensions. When required, a pair of
transverse web stiffeners or a doubler plate must be provided.

4. WEB CRIPPLING

This section applies to compressive single-concentrated forces or the compressive
component of double-concentrated forces. For the limit state of web crippling, ¢ =
0.75 (LRFD) and Q = 2.00 (ASD). The available strength is determined as follows.

When the compressive force to be resisted is applied at a distance from the member end
that is greater than or equal to d/2, then the nominal strength is

L5
EF _t
R =0.80s l+3(—§)(’—”) —r’;f [AISC Eq. J104] 6.6

!

w
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When the concentrated compressive force to be resisted is applied at a distance from
the member end that is less than 42, then the nominal strength is calculated with
Eq. 6.7 or Eq. 6.8, dcpending on the valuc of N/d.

For Nid <0.2,
1.5 EF P
t
R =0.407] 1+(ﬂ)(—”J —2L [ AISC Eq. J10-5a] 6.7
d N1, t,
For N/id> 0.2,
4 1.5 EF 1
{ ,
R =0.40:2] 1 +(—N—0.2J[—‘"} —2=L [AISC Eq. J10-5b] 68
d t t,
Example 6.1

Concentrated Load on Beam Flange
The simply supported W10 x 30 ASTM A992 steel beam shown has a 1 in thick x 5 in
wide steel plate welded to the bottom flange of the beam at midspan. A load is
suspended from the plate consisting of 5 kips dead load and 15 kips live load. The
plate-to-flange weld is adequate, the beam is laterally braced, and the 5 in dimension of
the plate is perpendicular to the beam web.

_ 10 ft .

I _ I
W10 x 30 |

- ldead load = Skips 79

live load = 15 kips

Section properties
A=884in’ b =581 in kses =0.810in
d=10.5in 4=0510in k="in
t,=0.300 in

Determine whether web stiffencr plates must be added to the beam.

Solution

The two limit states that apply to this problem are flange local bending and web local
yielding. Calculate the required strengths.

LRFD ASD
P =12D+1.6L P =D+L
=(1.2)(5 kips)+(1.6)(15 kips) =5 kips-+15 kips
=30 kips =20 kips
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Check the flange local beading using Eq. 6.3.
R, =62511F,
=(6.25)(0.510 in)z(SO %‘325)
=81.28 kips

Calculate the available flange local bending strength.

LRFD ASD
@R, =(0.90)(81.28 kips) R, _81.28 kips
=73.15 kips Q 1.67
=48.67 kips

The available flange local bending strengths are greater than the required strengths, so
stiffeners are not required for flange local bending.

Check the web local yielding. The point of load application is greater than d distance
from the beam end, so use Eq. 6.4. Here, the width of the plate, N, is | in.

R, =(Sk+N)F t,
kips
inZ

=((5)(0-810 in)+1 in)(SO )(0.300 in)

=75.75 kips

Calculate the available web local yiclding strength.

LRFD ASD
@R, =(1.00)(75.75 kips) R, _ 75.75 kips
=75.75 kips Q 1.50
= 50.50 kips

The available web local yielding strengths are greater than the required strengths, so
stiffeners are not required for web local yielding.

5. BEAM END BEARING REQUIREMENTS

Steel beamns often bear on masonry or concrete walls or piers. In these cases, beam
bearing plates are frequently used to distribute the beam reaction over a greater area,
reducing the stresses imparted to the supporting elements.

Whether or not a bearing plate is used, the beam ends must be checked to ensure that
local web yielding and web crippling do not occur at the ends of the beams. The special
formulas used to check these conditions are derived from the more general formulas for
web yielding and web crippling described in Sec. 6.3 and Sec. 6.4.

PPl » www.ppi2Zpass.com
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To simplify these calculations, AISC Manual Table 9-4 gives beam cnd bearing
constants R, Ry, Ry, R4, Rs, and R for W-series beams.

The formulas used to derive the values for the beam end bearing constants, as given in
AISC Manual Part 9, arc as [ollows.

R, =2.5kF, 1, 69
R,=F_t, 6.10
EF t

R,=0.40¢2 :W d 6.11

3 1.5 EF 1
R, =0.40¢2 (—) (’AJ ’-—’"-L 6.12

d {1, t,
) [EF i

R, =0.40¢ 1—0.2(’#) L 612

i r f,

1.5
EF t
R, =0.402 [i] b | [=zr 6.14
d )\ t, 1,

For [-shaped sections not listed in AISC Manual Table 94, beam end bearing constants
are calculated with Eq. 6.9 through Eq. 6.14.

Local Web Yielding at Beam Ends

At beam ends, the formula that is used to determine the available strength for local web
yielding, @R, or R/, is different depending on where the force is applied. When the
compressive force to be resisted is applied at a distance from the member end, x, that is
less than the depth of the member, d, the formulas are

¢R,=¢R +N(¢R,) [LRFD] 6.15
N PR, ¢R| [LRFD] AT
ok,
I:;=%+N(%—-] [AsD] 6.17
R,_R
N= Q&LQ [AsD] 6.18
Q
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for Nid< 0.2,

| I—

For Nid> 0.2,

FLANGES AND WEBS WITH CONCENTRATED LOADS

PR, =20R +N(¢R,) [LRFD]

N = ¢Rn I 2¢RI
#R,

(i (g) o

51_2(&
Q Q

R,

Q

[LRFD]

N= (AsD]

Web Crippling at Beam Ends

¢R, =PR, + N(¢R,) [LRFD]

¢R,
R MR
H_Q+N[QJ [AsD]
R _&
_H O
N= R [AsD]
Q

$R, =¢R;+ N(gR;) [LRFD]

N = ¢R, —¢Rs [LR.FD]
R

PPl « www.pplZpass.com

When the compressive force to be resisted is applied at a distance from the member
end, x, that is greater than or equal to the depth of the member, d, the formulas arc

6.19

6.20

6.21

6.22

In accordance with 4/SC Specification Sec. J10.2, the bearing length N must be greater
than or equal to k.

At the beam cnds, the available strength for web crippling can be determined by the
following formulas. When the compressive force to be resisted is applied at a distance x
from the member end that is less than one-half the depth of the member (x < d/2), then

6.23

6.24

6.25

6.26

6.27

6.28
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g=%+N[%) [AasD] 6.29
R_&
N—% [asD] 6.30
Q

When the compressive force to be resisted is applied at a distance x from the member
cnd that is greater than or equal to onc-half the depth of the member (x = d/2), then

OR,=2¢R,+ N(¢R,) [LRFD] 6.31
N ~ PR, 2R, [LrRFD] 6.32
R,

e

————< [ASD] 6.3

Because @R, is greater than or equal to the factored reaction and R,/Q is greater than or
equal to the service load reaction, substituting the factored reaction for ¢R, and the
service load reactien for R/Q in Eq. 6.15 through Eq. 6.34 will result in a dircct
solution for the required bearing length.

Example 6.2
Web Yielding and Web Crippling

A W12 x 50 ASTM A992 steel beam bears on a concrete pier and has a dead load end
reaction of 15 kips and a live load reaction of 45 kips.

dead load = 15 kips
live load = 45 kips

il

e
N

Determine the length of bearing required to prevent web yielding and web crippling.

PPl » www.ppiZpass.com
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Solution

Calculate the rcquired strengths.

LRFD ASD
P =12D+1.6L P,=D+L
=(1.2)(15 kips)+(1.6)(45 kips) =135 kips +45 kips
=90 kips =60 kips

Calculate the required bearing length, N, for local web yielding. The load is at the end
of the beam, so the distance from the end of the beam is less than d. Therefore, Eq. 6.15
and Eq. 6.17 are used to determine the minimum required bearing length to resist local
web yielding.

The beam bearing coastants for a W12 x 50 are found in AfSC Manual Table 9-4.

R R, Ry Ry Rs R
method (kips) (kips/in) (kips) (kips/in) (kips) (kips/in)
LRFD (¢R) 52.7 18.5 65.0 7.04 593 9.38
ASD (R/Q) 351 12.3 434 4.69 395 6.25

Determine the required bearing length to prevent local web yielding using Eq. 6.15
through Eq. 6.18.

LRFD ASD
#R, =R, + N (9R,) R, _R +N(ﬁ)
voR-R Q Q Q
R, n=R.—R
90 kips—52.7 kips R,
- 18.5 Kips _ 60 kips—35.1 kips
in 12.3 Xips
=2.02in in
=2.02 in

PPl » www.ppiZpass.com
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Calculate the required bearing length, N, for web crippling using Eq. 6.23 through

Eq. 6.26.
LRFD ASD
. R —R, Q Q Q
Rd N= R" _ R3
90 kips —65.0 kips R,
704 _kE _60 klps—E.S kips
o in 4.69 =22
=3.55in in
=3.56in

The value for N for web crippling is larger than the value for local web yielding, so it
governs the bearing length. The minimum required bearing length is 3.55 in. Based on
practical considerations, a bearing length of 3.75 in or 4 in would be used.

6. BEAM BEARING PLATES

Bearing pilates are primarily used to distribute the reaction of a concentrated load over a
greater area, thus reducing the stresses imparted to the supporting element. Even when
not needed for this reason, bearing plates are also frequently used to level the bearing
surface and bring it to the required elevation. A bed of nonshrink grout is usually
placed between the bearing plate and the top of the concrete or masonry clement
supporting the beam. The design procedures for concretc or masonry supporting
elemeants are identical; however, the load distribution geometry is somewhat different.

Load Distribution Geometry for Bearing on Concrete

Section 10.17 of ACI 318, Building Code Requirements for Structural Concrete,
specifies the design bearing strength for direct bearing on the loaded area, 4, and the
geometry that permits an increase in the design bearing strength at the lower base area,
A;, as shown in Fig. 6.4. To find A,, take the loaded arca, A4,, as the upper base of a
frustum with side slopes of 1:2 (1 vertical to 2 horizonta!). The frustum may be that of
a pyramid, cone, or tapered wedge, depending on the shape of the loaded area. When
this imaginary frustum is extended down as far as is possible while wholly contained
within the support, its lower base has the area 4,.

The design bearing strength of concrete must not exceed ¢(0.85/;'4,) except when the
supporting surface is wider than the loaded arca on all sides. In this case, the design

strength of the loaded arca may be multiplied by ,/ A,/ 4, , but not by more than 2.0,

PPl » www.ppiZpass.com
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Figure 6.4 Load Bearing Distribution on Concrele
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Load Distribution Geometry for Bearing on Masonry

Section 2.1.9.2 of ACI 530, Building Code Requirements for Masonry Structures,
specifies the design bearing strength for direct bearing on the loaded area, A4,, and the
geometry that permits an increase in the design bearing strength at the lower base arca,
Ay, as shown in Fig. 6.5. Nomenclature for the beam bearing plate is given in Fig. 6.6.
If the loaded area is taken as the upper base of a frustum with side slopes of 1:1, and
the largest possible frustum wholly contained within the support is found, then 4, is the
area of the lower base of this frustum.

Bearing plates are designed as cantilevered beam sections with the effective cantilever
length, n, being equal to half the width of the plate minus the distance from the botiom
of the beam to the web toe of the fillet, or B/2 — k,,.

o Ky 6.35
L]
L The moment of the cantilevered section then becomes
a | 2 2
L M= WL S 6.36
i 2 2

PPl » www.ppiZpass.com
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Figure 6.5 Load Bearing Distribution on Masonry
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In Eq. 6.36, L is equal to n as defined in Eq. 6.35, and p is equal to p, (LRFD) or p,
(ASD). The required plastic section modulus can then be calculated with the following

formulas.
M, <¢M, [LRFD] 6.37
M, < M, [AsD] 6.38
Q
M =M,=FZ<16M, [LRFDand ASD] 6.39
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Because lateral bucking will not occur,

M, <¢M, =9¢F,Z [LRFD] 6.40
FZ
M, <—2— [AsD] 6.41
Q
=M, [LrRFD] 6.42
QM
Z.= = [AsD] 6.43

Calculate the required bearing platc thickness. From A4/SC Manual Table 17-27, the
required plate thickness can be calculated from the plastic section modulus of a
rectangular section.

b
4

’42
1= |- 6.45
b

Combining Eq. 6.35, Eq. 6.36, Eq. 6.42 (LRFD) or Eq. 6.43 (ASD), and Egq. 6.45, the
required base plate thickness is

Z 6.44

2
I"i' 2p, (g_km)
t= [LrFD] 6.46
I #F,
- B ’
U t= - (E _kh) [AsD] 6.47
FJ’
Q

Example 6.3
Beam Bearing Plate
A W12 x 50 ASTM A992 steel beam bears on a concrete pier. The beam has a dead

load end reaction of 15 kips and a live load reaction of 45 kips. The length of bearing
required is limited to 8 in.

F—
L .

FPIl = www.ppiZpass.com

6-15



6-16 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

Section properties

A=14.6in’ kaes=1.14 in Z.=719in’
d=122in kg = 1'/5in I,=56.3 in*
1,=0370 in k=" in S, = 13.9 in’
by = 8.08 in 1,=391 in* Z,=213in’
£r=0.640 in S, =64.2 in’

Determine the width and thickness of an ASTM A36 stecl bearing plate if the
allowable bearing pressure is limited to 0.55 ksi.

Solution

Calculate the required strengths.

LRFD ASD
P =12D+1.6L P=D+L
=(1.2)(15 kips)-+(1.6)(45 kips) =15 kips +45 kips
=90 kips = 60 kips

Calculate the required width, B, of the bearing plate.

=_R,_= 60 kips
P. .55 S
n
=109.09 in’
oA _109.09 in
N 8 in
=13.64 in [use 14in]
Calculate the bearing stresses.
LRFD ASD
P 90 ki : P i -
po=—u = KPS ek | po=te = O0KPS o
A (8 m)(l4 m) Apluc (8 ln)(l4 m)

Calculate the effective cantilevered length, n, using Eq. 6.35.

B

n=—-k,,

4 din
2

=586

PPl » www.ppli2pass.com
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Calculate the required bearing plate thickness using Eq. 6.46 and Eq. 6.47.

LRFD ASD
2 2
B B
2p, (_—kdaJ 2pa[_-kdu)
- 2 . 2
oF, \j F,
: Q
kip RV
2 [0.80 _—)(5.86 in) .
_ (2) in’ )" (2)(0.54 ?“-f](s.ss in)’
(0 90)(36 k‘ps) = a
. in’ 36 lfl[;s
, __in®
=1.30 in V 1.67
=13lin

7. STIFFENER AND DOUBLER PLATE REQUIREMENTS

Stiffeners and/or doubler plates must be provided if the required strength exceeds the
available strength for the applicable limit states when concentrated loads are applied to
the flanges. The stiffening clements (stiffeners or doublers) and the welds connecting
them to the member must be sized for the difference between the required strength and
the available strength. Instaliing stiffeners or doublers is time coasuming and
expensive. It is frequently more economical to increase the weight and/or size of the
base member rather than to incorporate stiffening clements.

Each stiffener’s width, when added to one-half the thickness of the column web, must
be at least one-third the width of the flange or moment connection plate that delivers
the force.

The thickness of a stiffener must be at least one-half the thickness of the flange or
moment connection plate that delivers the concentrated load, and at least '/,5 the width
of the flange or plate.

Each transverse stiffencr must extend at least one-half the depth of the member, except
that in the following two cases, the transverse stiffener must extend the full depth of the
web,

* If a beam or girder is not otherwise restrained against rotation about its
longitudinal axis, a pair of full-depth transverse stiffeners is needed at the
member’s unframed ends.

¢ If the available web compression buckling strength is less than the required
strength, then onc of the following must be provided: a single, full-depth
transverse stiffencr; a pair of transverse stiffeners; or a doubler plate.

At times, the bearing length required to prevent web yielding or web crippling may be
greater than the available bearing length. In these cases, the required bearing length can

PPl » www.ppiZpass.com
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6'18 STEEL DES3IGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

be reduced by welding full-depth stiffencr plates to cach side of the beam web. The
width of each web stiffener must be at least one-third the width of the flange. For
maximum cffectiveness, it’s preferable that the stiffeners extend from the web to
approximately the facc of the flange. The minimum thickness of the stiffener is
governed by the limiting width-thickness ratios for compression elements, as given in
AISC Specification Table B4.1.

The cross section of a pair of web stiffeners is taken to be that of a cross-shaped
column composed of the two web stiffencrs and a specified length of the web, called
the effective web length. For interior stiffencrs, the effective web length is

L, =251, [AISC Scc.J10.8] 6.48
For end stiffeners, it is

L,.q=12t, [AISCSec.J10.8] 6.49

The proportioning and design of stiffeners are governed by the following formulas. For
a pair of stiffeners, the maximum stiffener width is

. bt

=1 v
bm‘ﬁ',min - 6.51

The height of each stiffener is

hoo=d-2k, 6.52

The limiting width-thickness ratio for a projecting compression element is

250.64 kE [AISC Table B4.1, case 4] 6.53
<O

In Eq. 6.53, the factor k. is

k = ih [0.35<k <0.76] [AISC Table B4.1, note (a)] 6.54

z

w

The gross area of the cross-shaped columa formed by the beam web and stiffeners is
calculated from Eq. 6.55 or Eq. 6.56. For end stiffeners,

A, e = Ay +121, 6.55
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For interior stiffencrs,

A os = A +25¢, 6.56
The nominal compressive strength of the stiffencr is

P, =F A, . [AISCEq E3-1] 6.57
The crtical stress is calculated with Eq. 6.58 or Eq. 6.59.

For KLir < 4.71,{E[F,,
F,=0.658"/"F  {An1sCEq E32] 6.58
For KLir> 4.71,{E[F,,

F_=0877F, [AISCEq.E3-3] 6.59

In Eq. 6.58 and Eq. 6.59, the clastic crtical buckling stress is

[AISC Eq. E34] 6.60

°E
=
r
From AISC Specification Sec. J10.8, the cffective length factor for a stiffener is
K=0.75.

Example 6.4
Bearing Stiffener Design

The Wi8 x 35 ASTM A992 steel beam shown bears on a concrete pier. The bearing
length, N, is limited to 12 in. Assume that the concrete pier has adequate bearing
strength. The beam end reactions for dead and live loads are 22.5 kips and 67.5 kips,
respectively.

dead load = 22.5 kips
live load = 675 kips

<= d=127in

\W18x35

Y
L

N=12in

PPl - www.ppiZpass.com
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Section properties

A=103in’ kaes = 0.827 in Z.=66.5in’
d=17.7in ks = 1'/g in 1,=153 in"
t,= 0300 in k ="14in S, =5.12 i’
b= 6.00 in 1,=510 in* Z,=8.06 in’
4= 0425 in S, =57.6in’

Beam bearing constants

R1 Rz RJ R4 Rs Rﬁ
method (kips) (kips/in) (kips) {kips/in) (kips) (kips/in)
LRFD (¢R) 31.0 15.0 38.7 3.89 34.1 5.19
ASD (R/IQ) 20.7 10.0 25.8 2.59 22.7 3.46

Determine whether bearing stiffeners are required. If bearing stiffeners are required,
design the stiffeners.

Solution

Determine the required strengths.

LRFD ASD

R, =12D+1.6L R,=D+L
=(1.2)(22.5 kips) =22.5 kips +67.5 kips
+(1.6)(67.5 kips) =90 kips
=135 kips

Determine the appropriate formula for resistance to local web yielding.

N/2 is less than d/2 (6 in < 8.85 in), so use Eq. 6.15 (LRFD) or Eq. 6.17 (ASD). The
resistance to local web yielding is

LRFD ASD
¢Rﬂ=¢RI+N(¢R1) &__l,*,N &.
: . kips o) - ) Q
=31 kips+(12 in)| 15 — ine
in ) )
=211kips =20.7 kips +(12 m)[l0.0 T)
=140.7 kips

Determine the right formula for resistance to web crippling.

N _ 12in

d 17.7in

=0.68 [>02]
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Nid is greater than 0.2, so use Eq. 6.27 (LRFD) or Eq. 6.29 (ASD). The resistance to
web crippling is

LRFD ASD
oF, =R+ N (¢R) | S 2en(5)

=34.1 kips+(12 in)[ 5.19 ﬂ’i) L0 Q ips

in . .
] =227 kips+(12 in)| 3.46 ——

=96.38 kips P ( )[ = J
[controls; < R, =135 kips] =64.22 kips
[controls; < R, =90 kips]

The value for web crippling is lower, so it governs. The resistance to web crippling is
less than the required strength, so a bearing stiffencr is required. Calculate the required
strength of the bearing stiffencrs.

LRFD ASD
Rﬁlﬂ' Ru ¢. n ) Rniﬂ. =Ra : o
=135 kips —96.38 kips Q
=38.62 kips =90 kips —64.22 kips
= 25.78 kips

Fabricate stiffener plates from ASTM A572, grade 50 steel with F, = 50 ksiand F, =
65 ksi. AISC Manual Table 2-4 indicates that the preferred steel for plates is ASTM
A36 with F, = 36 ksi and F, = 58 ksi. Determine the maximum and migimum stiffencr
widths using Eq. 6.50 and Eq. 6.51 (see illustration).

_b,—t,  6.00in-0.300 in

b.. =
=2.85in
p bt _600in-0300in
- - .
=0.95 in

The cost of the steel in the stiffener is relatively unimportant, so choose a plate size
near the maximum. Using a 2.75 in wide plate, however, would place the edge of the
stiffener too close to the edge of the flange. Use a 2.50 in wide plate. Determine the
minimum stiffener thickness. From Eq. 6.52, the calculated web height is
hog =d =2k,

=17.7 in—(2)(0.827 in)

=16.05 in

PPl - www.pplZpass.com
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r “ﬂ d = 1770in
A A
{
}
elevation ty=0.425in
12¢,,
1 |
bi=6in
section A-A I
E % | bstiﬂ'
//////////////% ] tw = 0.300in

bsliﬂ

Calculate k, from Eq. 6.54.

k, = —4h_ {0352 &, z0.76]

{

w

_ 4

16.05 in
0.300 in
=0.55

Calculate the limiting width-thickness ratio for the stiffener using Eq. 6.53.

ban £0.64 kE
tstiﬂ'

F,
(0.55)[29,000 lf"’f)
<0.64 =
5

0 lf‘pf
1n

<11.43
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Determine the minimum thickness.

b"—'"s 11.43
'rsun’

b

¢ 2 suff
T 11.43
2.50 in . .
Littmin = e =0.22 in [use0.25in]

Use a pair of Y, in % 2.50 in plate stiffeners. To confirm that these stiffeners will meet
the required strength, first determine the gross arca of the cross-shaped column using
Eq. 6.55.

Aier = Porbogtoir =(2){2.50 in){0.25 in)
=1.25 in®
Ay sy = A +120]
=1.25 in® +(12)(0.300 in)’
=2.33in’
From Eq. 6.49, the effective web length is

L,.q=12t,=(12)(0.300 in)=3.6 in

Calculate the moment of inertia of the cross-shaped column about the centerline of the
beam web. This is equal to the moment of inertia of the stiffeners through the web plus
the moment of inertia of the remainder of the web portion. (The latter term is often
neglected in practice because it is relatively insignificant.)

(bd’ )£+(bd’)w
12 12
- leis (tw +2bniﬂ' )] + (LW.eﬂ' iy )’i
12 12
(0.25 in)(0.300 in+(2)(2.50 in))’ (3.6 in—0.25 in)(0.300 in)’
12 " 12
=3.10 in* +0.007 in*

=3.11 in*

=l g+, =

L s

The radius of gyration for the column is

. 4
ey =J3.111-n2 L6
A 233in

£

PPl « www.ppiZpass.com
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Calculate the effective slenderness ratio for the column, using an effective leagth factor

of 0.75.
£=thm (0.75)(16.05 in) e
r Vonoss 1.16 in

Determine the correct formula for calculating the cnitical flexural buckling stress.

=113.43

This is greater than the slendemess ratio, KL/r, so use Eq. 6.58. From Eq. 6.60, the
elastic critical buckling stress is

in’

(10.38)’
=2656.46 ksi

(29 000 k'ps)

Calculate the critical flexural buckling stress using Eq. 6.58.
F, =0.658%/"F,

=(0.658)m —/2656 —(50 klps)
in

=49.61 ksi

From Eq. 6.57, the nominal axial compression load capacity for the cross-shaped
stiffener column is

B =F A,

k"’SJ(z 33 in?)

=115.59 kips

PPl » www.pplZpass.com




FLANGES AND WEBS WITH CONCENTRATED LOADS

Calculate the design strength (LRFD) or allowable strength (ASD) for the stiffener

column.
- LRFD ASD
Pz =9.F. _£
B . P e =
=(0.90)(115.59 kips) Q,
=104.03 kips _ 115.59 kips
. 1.67
= > R, =38.62 kips, so OK
> Run | =69.22 kips

. [> Rx =25.78 kips, s0 OK ]

In both LRFD and ASD solutions, the calculated strength is about 2.6 times greater
than the required strength. The minimum width of the stiffeners was calculated as
0.95 in, so in theory the stiffener width of 2.50 in could be decreased, and by doing
so it may be possible to decrease the thickness as well. However, most of the cost of
installing the stiffeners will be in the fabrication and welding, not the steel. Morcover,
as a matter of practice many engineering firms specify a minimum thickness of '/, in
for stiffeners that are exposed to the elements.

Use a pair of full-height stiffeners: 2.50 in by '/, in.

= EiS

| —

PPl » www.ppiZpass.com
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Steel Column Design

Nomenclature
arca in®
loaded arca in’

maximum arca of supporting surface that is geometrically similar  in’
to and concentric with loaded area A,

width in
width of bearing platc in
warping constant in®
depth in
dead load Ibf
modulus of elasticity Ibffin’
compressive stress Ibffin’
bearing stress of service loads [bf/in?
bearing stress of factored loads Ibffin’
specified compressive strength of concrete Ibffin’
strength or stress Ibffin?
shear modulus of clasticity of steel Ibffin?

cnd condition coefficient -

height in
flexural constant -
moment of inertia in
torsional constant in*
effective length factor -
effective length in
slenderness ratio -
critical base plate cantilever dimension, largest of m, n, and 1n’ in
length in
live load Ibf
cantilever dimension for base plate along plate length in
cantilever dimension for base plate along plate width in
factor used in calculating base plate cantilever dimension in
7-1
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! length of bearing plate in
P axial strength Ibf
P, nominal bearing strength of concrete Ibf
0 reduction factor -
Q. reduction factor for slender stiffened elements -
O, reduction factor for slender unstiffened elements -
r radius of gyration in
Fo polar radius of gyration about shear center in
R strength  Iof
S clastic section modulus in’
t thickness in
Lges design wall thickness in
Xoy Vo coordinates of shear center with respect to centroid in
Z plastic section modulus in’
Symbols
factor used in calculating basc plate cantilever dimension -

i, limiting width-thickness ratio for noncompactness -
An' base plate cantilever dimension in
¢ resistance factor -
Q safety factor -
Subscripts

a required (ASD)

c Compression or compressive

col column

cr critical

e clastic critical buckling (Euler)

e, eff effective
f flange

g gross

gir girder

n nominal

P base plate

u required (LRFD) or ultimate tensile

w web
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STEEL COLUMN DESIGN

about x-axis
y about y-axis or yicld

z about z-axis

1. INTRODUCTION

Chapter E of the AISC Specification governs the design of columns and other
compression members. The chapter is divided into the following sections.

El General Provisions

E2 Slendemess Limitations and Effective Length

E3 Compressive Streagth for Flexural Buckling of Members Without
Slender Elements

E4 Compressive Strength for Torsional and Flexural-Torsional Buckling
of Members Without Slender Elements

E5 Single Angle Compression Members

E6 Built-Up Members

E7 Members with Slender Elements

Tension members and flexural members bent about a single axis can be designed
directly using a simple mathematical solution or beam charts or graphs. The design of
columns and other compression members is morc complex.

The difference is that members subjected to a compressive load have a tendency to
buckle even when they arc concentrically loaded. As soon as a compression member
starts to buckle, it is subjected to both axial and bending loads. The deflected shape of
the column’s longitudinal axis is a function of the end conditions of the member.

Maling a column stiffer decreases its tendency to buckle, but also decreases its
efficiency and cost effectiveness. The 4ISC Manual once limited the slenderness ratio,
KL/r, to a maximum of 200; though this is no longer a requirement, it is still
recommended to allow for possible issues during fabrication, handling, and erection.

E <200 7.1

r

The strength of a member with a slenderness ratio of 200 is only approximately 12.5%
of what it would be if its slenderness ratio were |. The least radius of gyration, r, for a
single angle is about the Z-Z axis.

The nominal strength, P,, for a compression member is
P,=F_A, [AISCEq.E3-1] 7.2

For LRFD, the design compressive strength, ¢.P,, can be determined using Eq. 7.3. The
compression resistance factor, ¢, is 0.90.

4P, =¢,F 4, [LReD] 3
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For ASD, the allowable compressive strength, £,/€),, can be determined using Eq. 7.4,
The compression safety factor, ., is 1.67.

P F.A
o229 asD :
2 a [asD] 74

2. EFFECTIVE LENGTH OF COMPRESSION MEMBERS

The first step in designing a compression member is determining the effective length,
KL, which is a function of that member’s end conditions. If the compression member is

-braced against sidesway (i.c., sidesway is inhibited), the cffective length factor, K, will

be less than or equal to onc. If the compression member is not braced against sidesway
(i.c., sidesway is uninhibited), the effective length factor will be greater than one.

Section C-C2.2 of the AISC Commentary on the Specification for Structural Steel
Buildings' (bereinafter referred to as the AISC Commentary), gives two methods of
determining the effective length factor. The effective lengths for each of the axes (X-X,
Y-Y, and Z-Z) must be computed, and the one producing the largest KL/r ratio will
govern the design of the compression member. For any axis, the actual length and the
effective unbraced length may be different.

Table 7.1 gives the theoretical and recommended design K-factors for columns with six
different kinds of end conditions. To determine the K-value necessary to calculate the
effective length along each axis, use Table 7.1 unless other information is provided

Table 7.1 Approximate Values of Effective Length Factor, K

recommended
end 1 end 2 theoretical K-value design K-value
built-in buiit-in 0.5 0.65
(rotation fixed,
translation fixed)
built-in pinned 0.7 0.8
(rotation free,
translation fixed)
built-in rotation fixed, 1.0 1.2
translation frce
built-in free 2.0 2.1
pinned pinned 1.0 1.0
pinned rotation fixed, 2.0 2.0
translation free

Source: Compiled from AJSC Commentary Table C-C2.2,

'The AISC Commentary immediately follows the AISC Specification in the Steel Construction
Manual.
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about the size and length of members framing into the cads of the column, or about
the values for G4 and Gy (which are equivalent data used with AISC Commentary
Fig. C-C2.3 or Fig. C-C2.4 to calculate K).

The AISC Commentary also gives two alignment charts to usc in determining the
effective length of a column when data are provided about the size and length of
members framing into the cnds of the column. The first alignment chart, A/SC
Commentary Fig. C-C2.3, is for frames in which sidesway is inhibited (braced frame,
K < 1.0). The sccond alignment chart, AISC Commentary Fig. C-C2.4, is for frames
in which sidesway is uninhibited (moment frames, K > 1.0). These alignment charts are
shown in Fig. 7.1.

To use thesc charts, calculaic the values for the end condition coefficients, G4 and Gy,
for each of the axcs using Eq. 7.5.

Bl vl

—_— ‘col
G= 7B 0 [ AISC Sec. C-C2.2b) 7.5
e i
[N L,

The modulus of elasticity, £, in Eq. 7.5 is the same for the column and for the girder or
beam.

For columns supported by a footing or foundation, but not rigidly connected to it, G
can be taken as 10, If the column is rigidly attached to a properly designed footing, G
can be taken as 1.0. The effective length of compression members is calculated in the
same manner whether using ASD or LRFD.

3. COMPRESSIVE STRENGTH FOR FLEXURAL MEMBERS WITHOUT
SLENDER ELEMENTS

The information in this section applies to compression members with compact and
noncompact scctions for uniformly compressed elements. Slender elements can buckle
before the overall member buckles. Two types of clements must be considered.

® Unstiffened elements arc those that are unsupported along only one edge
parallel to the direction of the compression force. (See flanges, AISC
Specification Table B4.1, case 3.)

®  Stiffened elements are those that are supported along two edges parallet to the
direction of the compression force. (Sce webs of I-shaped members, 4ISC
Specification Table B4.1, case 10.)

In designing these compression members, the following facts should be considered.

All W shapes have noaslender flanges for ASTM A992 steel.
Only one column section has a slender web: W14 x 43.

Many W shapes meant to be used as beam sections have siender webs for
uniform compression.
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Figure 7.1 Alignment Charls for Determining Effective Length Faclor, K

GA K GB
[--] [« -]
w.o\; T é‘ 50.0
10.0 - 10.0
5.0 - 5.0
3p-] 109 3.0
20 - 20
{08
1.0 - 1.0
0.8 - 0.8
0.7 - 0.7
06 - - 0.
o7 &
0.5 - 05
6.4 - 0.4
03+ - 0.3
T
0.2 - - 0.2
0.1 - - 0.1
0.0- 405 -0.0
{a) sidesway inhibited
Gy K Gy
L - . == 0 00
100.0- +100 -100.0
50.0 - 50.0
30.0 50 - 30.0
200 - dao - 200
100 T |_10.0
a0 - [ . 9.0
8.0 - - 8.0
2.0 4 - 7.0
6.0 3 - 8.0
5.0 - 1 - 5.0
4904 20 L 4.0
3.0 3.0
2.0 3 2.0
118
1.0-] i 1.0
0.9~ 410 —0.0

(b) sidesway uninhibited

Copyright © American Institute of Steel Construction, Inc. Reprinted

with permission. All rights reserved.
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When KL/r < 4.71,JE[F, (or F. > 0.44F),
F,=0.658""F [aIsCEq E32]
When KL/r > 4.71,JE[F, (or F, <0.44F)),

F_=0.877F, [AISCEq. E3-3]

In both Eq. 7.6 and Eq. 7.7, the clastic critical buckling stress, F,, is
nE
F, =——— [AISC Eq. E34]
()
r
gives the transition point limiting values for KL/r.

Figure 7.2 Column Curve for Available Critical Stress, Fu

FJF,
For = 0.658"7"F,

available critical stress, £,

inelastic elastic

E
471 F_v

. KL
slenderness ratio, o

Table 7.2 Transition Point Limiting Values of KL/r

The critical stress for flexural buckling, F, is determined by Eq. 7.6 through Eq. 7.8.

7.6

7.7

7.8

Figure 7.2 shows the column curve for the available critical stress, F,, and Table 7.2

Fy 0.44F,
(ksi) limiting KL/r (ksi)
36 134 15.8
42 123 18.5
46 118 20.2
50 113 22.0
: 60 104 26.4
70 96 30.8
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Example 7.1
Concentric Axial Loaded Column

A steel column is required to support a concentric axial dead load of 82 kips and
concentric axial live load of 246 kips. The actual column height is 12 ft with ng
intermediate bracing. At the basc of the column, the x- and y-axes arc fixed against
translation and frec to rotate; at the top of the column, the x- and y-axes arc fixed
against rotation and free to translate.

Material propertics

ASTM A992
F,= 50 ksi
F., = 65 ksi

Determine the lightest W 12 section that will support the load requirements.

Solution

Determine the effective length of the column. From Table 7.1, with end conditions as
described, the effective length factor is K = 2.0. Therefore,

KL=(2)(12 f)=24

Determine the required available strength.

LRFD ASD
P =12D+1.6L P =D+L
=(1.2)(82 kips)+(1.6)(246 kips) = 82 kips+ 246 kips
=492 kips =328 kips

From AISC Manual Table 4-1, select the lightest W12 member that has at least this
available strength. This is a W12 x 72. For LRFD,

¢.P. =493 kips 2 P, = 492 kips
For ASD,

g" =328 kips 2 P, =328 kips

[

The available streagths given in AISC Manual Table 4-1 through Table 4-3 apply when
the effective length of the y-axis controls, as in this example. To use these tables when
the cffective length of the x-axis controls, multiply the x-axis effective length by the
r,/r, ratio given at the bottom of each column.
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Example 7.2
Concentric Axial Loaded Column

A W8 x 21 steel column design is controlled by the effective length of the y-axis with
KL, =121

Section propertics Material propertics
A=6.16 in® S, =182 in’ ASTM A992 stecl
d=828in r. =349 in F,= 50 ksi
1,=0.250in Z, =204 io’ F, = 65 ksi
b;=5.271in 1, =9.77 in"
1;=0.400 in S, =371 in’
b,/24,=6.59 r, =126 in
hit, =215 Z, =5.69in’

L,=753in’

Determine the design load capacity and allowable load capacity of the column.
Solution
Determine the slenderness ratio.
in
KL (l)(lZ ﬁ)[lZ -—)

Ly B 11429
r 1.26 in

¥

Determine whether the member is in the inelastic or elastic range.

=11343 [<Kkifr]

The member is in the clastic range. Calculate the available critical stress using Eq. 7.7
and Eq. 7.8.

o T (29,000 k'—"f)
F=—"r= B/ =2191ksi
(g ) (114.29)
;

F,=0877F, =(0.877)[21.91 lf‘—pf]=19.22 ksi
11
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Determine the available strengths using ¢. = 0.90 and Q. = 1.67.

LRFD ASD
¢an = ¢chrAg F: FoA

Q Q
-(090)(1922 klps)(6l6m) ¢

o [19 22 hps)(ﬁ 16 in )
in

1.67
=70.90 kips

=106.56 kips

As an altermative to the preceding solution, AISC Manual Table 4-22 gives the
available critical stress for KL/r ratios from 1 to 200 and for yield strengths of 35 ksi,
36 ksi, 42 ksi, 46 ksi, and 50 ksi. For a slendemess ratio of KL/r = 115, the values for
available critical stress are @ = 17.1 ksi and F./€ = 11.4 ksi.

LRFD ASD
R (04, So(f )
Q Q) *
[ klps)(6 16 in ) ‘ ¢
” [ k‘ps)(ﬁ 16 in?)
=105.34 kips in
=70.22 kips

The design load capacity of the column is 105.34 kips and the allowable load capacity
is 70.22 kips.

4. COMPRESSIVE STRENGTH FOR TORSIONAL AND FLEXURAL-
TORSIONAL BUCKLING OF MEMBERS WITHOUT SLENDER ELEMENTS

This section applies to singly symmetrical and unsymmetrical members, as well as to
certain doubly symmetrical members, such as cruciform or built-up columns with
compact and noncompact sections for uniformly compressed members. This section
does not apply to single angles, which are covered in AISC Specification Sec. ES.

The nominal compressive strength, P,, is determined from the limit states of flexural-
torsional buckling and torsional buckling.

P,=F_A, [AISCEqE4-1] 7.9

For double angle and T-shaped compression members, use AISC Specification
Eq. E4-2,

F_+F 4F F_H
F, =2 —2}1- I-—===—| [AISCEq F42] 7.10
2H (
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F=y is taken as £ as determined by Eq. 7.6 and Eq. 7.7, for flexural buckling about the
y-axis of symmetry and KL/r = KLr,. F, is calculated from Eq. 7.11.

F_ = AGiz [AISC Eq. E4-3] 7.11

lo

For all other cases, F, is determined from Eq. 7.6 and Eq. 7.7 using the torsional or
fiexural-torsional elastic buckling stress, F,, as determioed by Eq. 7.12 and Eq. 7.13.
For doubly symmetrical members,

2
F = d EC‘; +GJ ! [AISC Eq. E44] 7.12
(K.,L) I.+1
For singly symmetrical members wherc y is the axis of symmetry,
F_+F 4F F H
F = [—"——“) I- [I-—==—| [AISC Eq. E4-5] 7.13
2H (F,+F.)

In Eq. 7.13, the flexural constant, H, is

2 2
H=1-%1) [ AISC Eq. E4-8] 7.14

=2
T

The square of the polar radius of gyration about the shear center, Faz, is

I +1

=xeyie JA L [AISC Eq.E4-7] 7.15
&
The other values for Eq. 7.13 are
T'E
F,=——= [AISCEq. E49] 7.16
KL
n
. nE
F =———— [AISCEq. E4-10] 7.17
KL
r)’
2
F=|Z EC'; +GJ 1_2 {AISC Eq. E4-11] 7.18
(K.L) A,

PPl + www.ppiZpass.com
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Example 7.3
Axial Loaded WT Compression Member
A WT7 x 34 steel member” is loaded in compression. KL, = 25 ft and K,L,= 25 R.

Section propertics Matenial propertics
A, =999 in’ H=0916 ASTM A992 stcel
r.=181in d=1.02in F, =50 ksi
r,=246in t,=0415in F,=65ksi
Fo=3.19in by=10.0 in
J=1.50 in* 4=0.72in
Dectermine the design strength (LRFD) and the allowable strength (ASD) of the
member.
Solution

Check for slender elements with AISC Specification Table B4.1. For the web (casc §),

5 29,000 B8
A.,=075 [—=0.75 o ': =18.1
\j"} 50 =F2
n
4 = ﬂ}i =16.9 [<4,,s0notslender]
t, 0415in
For the flanges (case 3),
E 2
=0.56 ’— =0.56 |——0—
Ay £ 5
b, 10 in

L= ——— =694 [<2,s0notslender
2, (2)(0.720 in) [< 4,7, 50 not siender |

Neither the web nor the flanges are siender; therefore, because there are no slender
elements, 4ISC Specification Sec. E3 and Sec. E4 will apply.

*The values of 7, and H for this member are provided in Table 1-32 of the 4/SC Manual:
LRFD, third cdition. Unfortunately they are not provided in the AISC Manual, thirteenth edition.
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Check for flexural buckling about the x-axis using Eq. 7.6 through Eq. 7.8.

(25 &)[12 %J
=165.75
r 1.81 in

klps

=113.43 [<kz/r]

KLIr, is greater. Therefore, for flexural buckling about the y-axis of symmetry, F, is
taken as F,; as dctermined by Eq. 7.7 and Eq. 7.8.

. (29 000 k'ps)
F=——y= 2 =10.42 ksi
KL (165.75)’
rx
F,, =0871F,=(0. 877)( k“’s) 9.14 ksi
n

Check for flexural buckling about the y-axis using Eq. 7.11 and Eq. 7.13. The elasticity
of steel is 11,200 ksi.

& _( k“’s)(l 50 in*)

AR (9.99i0%)(3.19 in)
=165.26 ksi

~n
It

fF,y+FaJl |_ARFH
C\ 2H (F, +Fﬁ,)2
klps
ll'.l

(9.14 ""’s
- in’

(2)(0.916)

(4)(9 14 k“’s)(lﬁs 26 k"’s)(oglﬁ)

(9 14 k"’ +165.26 k“’s)
ll] 1n

x| 1- {1—-

=9.09 ksi [< ey SO y-axis conlmls]

PPl * www.ppiZpass.com



7"14 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL 3SE EXAMS

The y-axis is controlling.

Calculate the nominal strength, P,, of the member.

kips

in’

P=F_A =(9,09 )(9.99 in”}=90.81 kips

Determine the design (LRFD) and allowable (ASD) compressive strengths of the

member.
LRFD ASD
¢.P, =(0.90)(90.81 kips) £, _90.81 kips
=81.73 kips Q. 1.67
= 54.41 kips

These numbers can also be found or double-checked in AISC Manual Table 4-7. By
interpolation, the design strength is 82.35 kips and the altowable strength is 54.80 kips.

5. MEMBERS WITH SLENDER ELEMENTS

When a member contains slender elements, the gross area of that member is modified
by the reduction factors O, and Q, to prevent local buckling. AISC Specification
Sec. E7 addresses the requirements for designing members with unstiffened or
stiffened slender elements. The nominal compressive strength is determined from the
limit states of flexural, torsional, and flexural-torsional buckling.

P, =F.A, [AISCEq. ET-1} 7.19

The flexural buckling stress, Fo,, is determined by Eq. 7.20 and Eq. 7.21. When
KLIr< 4.71,{E/QFy (or F, > 0.440F,),

F,=06582"/"0F [a1sCEq. E12] 7.20

When KL/r > 4.71, /E/QFy (or F, <0.440F,),

F_=0.877F, [AISCEq. E7-3] 7.21
In Eq. 7.20 and Eq. 7.21, the reduction factor, 0, is equal to 1.0 for members with
compact and noncompact sections and is equal to 0.0, for members with slender-

clement sections. (Compact, noncompact, and slender-element sections are defined in
AISC Specification Sec. B4.)

PPl » www.ppl2pass.com




STEEL COLUMN DESIGN

stiffened Slender Elements

The reduction factor, @, for slender stiffened elements is
Aeft’
o, = - [AISC Eq. E7-16] 7.22

The reduced effective width, b,, of a slender element is determined from Eq. 7.23 or

Eq. 7.24. For uniformly compressed slender elements, with b/ 2 l.49‘/E/ f, except for
flanges of square and rectangular sections of uniform thickness,

E 034 |E
b =192t [—|1-—— |—= |<b [AISCEq E7-17] 7.23
\E b J;

t

In Eq. 7.23, f is taken as F; as calculated by Eq. 7.20 and Eq. 7.21 with @ = 1.0. For
flanges of square and rectangular slender-element sections of uniform thickness,

with b/t > 1.40,/E/ £,

E 0.38 |E
b, =192 |[=|1-——— [— |<b [AISCEq.E7-18] 7.24
G5

t

In Eq. 7.24, fis taken as P/A.s Calculating this requires iteration. For simplicity, f
may also be taken as cqual to F,. This will give a slightly conservative estimate of the
compression capacity of the member.

Example 7.4
Arxial Loaded HSS Compression Member with Slender Elements

An HSSI12 x 8 x ¥4 steel column has pinncd connections top and bottom. The length
of the column is 30 &, and there are no intermediate braces.

Section properties Material properties
A, =6.76 in® bit = 43.0 ASTM A500, grade B steel
r,=4.56in hit = 66.0 F,=46 ksi
rn,=335in lees =0.174 in F,=58 ksi

Determine the nominal load capacity, the design strength (LRFD), and the allowable
strength (ASD).

PPl » www.ppliZpass.com
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Solution

Determine the sienderness ratios.

H
(1)(30 ft)(lz %
/
== =78.95
r, 4.56 in
im0
o (D@0 ﬁ)(l2 %
i T35 £ =107.46 [controts]
r 5 m

y

Calculate the limiting width-thickness ratios using A/SC Specification Table B4.1,

case 12.
A =1.40 £ a0 _in®
F, ki

2 =430 [> 4,50 slcndcr]
4

Therefore, the width is a slender element.

? =66.0 [> 2., so slender]

Therefore, the height is a slender clement. For determining the width-thickness ratio, b
and 4 are each taken as the corresponding outside dimension minus three times the
design wall thickness, per AISC Specification Sec. B4.2(d). Calculate b and 4.

b =outside dimension -3¢,
=8.00 in—(3){0.174 in)
=7.48 in
h = outside dimension — 3¢,
=12.00 in—(3)(0.174 in)
=1151in
Calculate the reduction factor, Q.. To use Eq. 7.22, first the effective area must be
determined. The easiest way is to calculate the area of the “unused” portions of the
walls of the HSS—that is, the portions of the walls that are in excess of the effective
length—and subtract them from the gross area, which is given. To calculate the

effective length of the flanges of a square or rectangular slender clement section of
uniform thickness, use Eq. 7.24, taking f conservatively as F,.
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a For the 8 in walls,
' \
1.92:\/E peadd (£
Sl Ny
¢ /

b, < 29,000 X85
= : in
=(1.92)(0.174 in) Kips

46 —BS
in
Y =6.53 in [controls]
| 5=7.48 in

The length that cannot be used in this direction is b — b, = 7.48 in - 6.53 in = 0.950 in.

For the 12 in walls,

=7.18in |[controls]
L &=1151in

. The length that cannot be used in this direction is b — &, = 11.5 in — 7.18 in = 4.32 in.

Subtract the unused areas from the gross area, given as 6.76 in’, to get the effective
area.

A =6.76 in? —(2)(0.174 in)(0.950 in)—(2)(0.174 in)(4.32 in)
=4.93 in’

Use Eq. 7.22 to determine the reduction factor.

Ay 493in*
0=0. = =t P
3 PPl - www.ppiZpass.com
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Determine the appropriate equation for Fo,.

= 29,000 <IPS
471 o =471 “:u =139 [>KkLfr, =107.6]
OF, (0. 729)(46 ps)
in

Because 139 is greater than KL/r,, use Eq. 7.20.

Using Eq. 7.8, the elastic critical buckling stress is

g (29 000 k‘p-s)
F=—""2= 1 7 =24.79 ksi
(E) (107.46)
.

Use Eq. 7.20 to find critical flexural buckling stress.
_ GF, [F.
F,=0.658%%/" gF
=(0.4558)‘°‘“*”(“5 ) k4 w (0. 729)( kips )
in

=19.04 kst

Calculate the nominal load capacity, P,

klps
P=F4 = ( )(6 76 in?)
=128.71 kips

Calculate the design strength, ¢.P,, and the allowable strength, P,/CQ...

LRFD ASD
¢.P, =(0.90)(128.71 kips) £, _128.71 kips
=115.84 kips Q, 1.67
=77.07 kips

The compressive stress, f, was conservatively taken as F), so the calculated capacitics
should be slightly less than the tabulated loads in AISC Manual Table 4-3. For a value
of 30 f& for KL with respect to r,, those loads are as follows.

LRFD ASD
¢.P, =125 kips P _
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6. SINGLE ANGLE COMPRESSION MEMBERS

The nominal compressive strength, P,, of single angle compression members is
calculated in accordance with AISC Specification Scc. E3 or Scc. E7 as appropriate,
using a slendemess ratio as determined by that section.

The effects of cccentricity on single angle mcembers may be neglected when the
following conditions arc met.

e Members are loaded at the ends in compression through the same leg.
e Members are attached by welding or by at least two bolts per connection.
» Therc are no intermediate transverse loads.

Members arc cvaluated as axially loaded compression members using the appropriate
effective slenderness ratios, as follows.

case |
This applies to

e individual members

e web members of planar trusses with adjacent web members attached to the
same side of the gusset plate or chord

For equal leg angles, and for unequal leg angles connected through the longer leg, start
by calculating L/r,. If 0 < L/r, < 80,

K 72+0.75 [£) [ AISC Eq. E5-1} 7.25
r X
IfLir. > 8O,
KL 32+1.25 [ﬁ) <200 [AISCEq.E5-2] 7.26
. "

For unequal leg angles with leg length ratios less than 1.7 and connected through the
shorter leg, calculate L/r,. If 0 < L/r, < 80,

Lo 72+0.75(£)+4 (ﬁy -1|< 0.95(5) 7.27

r r short r

F 4 z

IfLir. > 80,

b 2
——‘g“=32+1.25[£)+4 (_101) —1]50.95[-[“-J 7.28
r r, bypon r,

If none of the preceding conditions apply, consult AISC Specification Sec. E5(c).
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case 2

This applies to web members of box or space trusses with adjacent web members
attached to the same side of the gusset plate or chord.

For cqual leg angles, and for unequal leg angles counnected through the longer leg,
calculate L/r, . IfO0 < Lir, <75,

K _ 60+0.8(£J [AISC Eq. ES-3] 7.29
r X
If Lir, > 75,
KL L
— =45+—=<200 [AISCEq.E54] 7.30
r r,

x

For unequal leg angles with leg length ratios less than 1.7 and connccted through the
shorter leg, calculate L/r,. If 0 < L/r, <80,

2
E =60+ O.S(EJ +6[(ﬁ) - IJ < 0.82(—L-'J 7.31
r r, D pon r,
KL L b Y L
——=45+—+6((ﬂJ —l}SO.SZ[—J 7.32
r r, by r,

If none of the preceding conditions apply, consult ALSC Specification Sec. E5(c).

If L/r. > 80,

Example 7.5
Single Angle Compression Member
A single angie compression member is 12 ft long and is attached with two bolts at each

end through the same leg.

Section properties Material properties
L6 x 6x */yin S.=S5,=5.64in’ ASTM A36 steel
A=17.13 i’ r.=r,=184in F,=36 ksi
L=1=241in’ r.=1.17in F,= 58 ksi

Determine the nominal strength, the design strength (LRFD), and the allowable

strength (ASD).
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Solution

Detcrmine the cffective slendemess ratio. For an individual member with cqual legs,
either Eq. 7.25 or Eq. 7.26 will be used.

(12 ﬁ)[lz %)

1.84 in

L =78.26 [<80]
r

Lir, < 80, so use Eq. 7.25.

K 4075 (5)

r r

=72+(0.75)(78.26)
=130.70

Determine whether to use Eq. 7.6 or Eq. 7.7 to find the critical stress,

=134 [> KkL/r =130.70]

This is greater than KL/r, so use Eq. 7.6 to find the critical stress. First, usc Eq. 7.8 to
find the clastic critical buckling stress.

- 71'2[29,000 k‘—"f)
F=—"%_= 1676
(g] (130.70)
.

Use Eq. 7.6 to find the critical stress.
F, =0658"%"F

ipm .
_ (0.658)36 in—,/ls.'m %[36 klps)

2
n

=14.65 ksi
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Determine the nominal strength.
F,=F.4,

ki .
=(l4.65 —i:jﬂf-)(v.u in?)

=104.45 kips

Determine the design strength and the allowable strength.

LRFD ASD
8.P, =(0.90)(104.45 kips) £, _10445kips _ ., o, Kips
=94.01 kips Q. 1.67

An alternative way to determine the design strength and allowable strength is to use
AISC Manual Table 4-11, using an cffective length KL with respect to r, of 12.35 fi.
Interpolating between the tabulated values for 12 ft and 13 fi gives

¢.P =98.10 kips [ versus 94.01 kips calculated |

g’ =65.20 kips [ versus 62.54 kips calculated |

<

7. COLUMN BASE PLATE DESIGN

Designing column basc plates for concentric axial loads is relatively casy. Depending
on the magnitude of the loads, the size of the base plate can be determined by the
location of the anchor rods rather than by the bearing capacity of the supporting
element. The holes for the anchor rods will be cither punched or drilled in the plate. In
cither case, minimum edge distances and minimum clearances are required between the
column steel and the anchor rod for the washer, nut, and wrenches. Virtually all
columns must have a minimum of four anchor rods to meet Occupational Safety and
Health Administration (OSHA) requirements.

Even though the holes in the base plaic for the anchor rods are oversized to
accommodate misplaced rods, the design assumptions are based on the gross area of
the base plate bearing on the supporting element. Hole sizes in the base plates for
anchor rods are shown in AISC Commentary Table C-J9.1, and are larger than the
standard oversized holes used for fitting up parts of the superstructure. The edge
distances for the holes should be based on the hole diameter rather than the rod
diameter. Heavy plate washers (%6 in to '/; in thick) should be used in lieu of standard
washers to prevent deformation of the washers.

As with beam-bearing plates, the length and width of the column base plates should
preferably be in full inches. The thickness should be in increments of /s in up to a
thickness of 1.25 in and in increments of '/, in when the thickness exceeds 1.25 in.
Additional information for column base plate design can be found in Part 14 of the
AISC Manual.
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STEEL COLUMN DESIGN

The size of the basc plate is a function of the bearing capacity of the concrete
supporting clement. This must be calculated in accordance with ACI 318, so factored
loads (LRFD) must be used, not service loads.

The design bearing strength of concrete is ¢(0.85/.'4,) where ¢ = 0.65. When the
area of the concrete supporting elemeat is larger than that of the base plate, 4,, the
design bearing strength of the loaded area can be increased. The maximum increase
occurs when \/A,/A, =2. (A; is the area of the base of a frusturn whose sides have a

downward slopc of 2 horizontal to 1 vertical, with all sides equidistant from the bearing
area of 4,. See Sec. 6.6 and Fig. 6.4.)

The base plate is assumed to be a cantilevered beam bending about a critical section
near the edges of the column section. For W, S, M, and HP shapes, the critical sections
are defined as 0.95d and 0.805,. For rectangular and square HSS shapes, the critical
sections are defined as 0.954 and 0.956. For round HSS and pipe shapes, the critical
section is defined as 0.80 times the diameter of the member.

The base plate cantilever distances, as illustrated in Fig. 7.3, are calculated with the
following formulas from AISC Manual Part 14.

[ -0.95d

m=————
2

_ B-0.805,
2

7.33

n 7.34

, Jab,

n=
4

An' =LA, /db y 7.26

For closely cropped basc plates, the factor A can be conservatively taken as 1.0.
Otherwise, calculate 4 as

7.35

ZJX
—_—<1 7.37
1+J1-X

A=
X is calculated as follows.

4db P,
(4 +bf)2 ¢.F,

[LRFD] 7.38

X=—L"° [aspD] 7.39
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Figure 7.3 Base Plate Critical Bending Planes
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The following formulas are used to design the base plate thickness. / is the largest of
the values m, n, and Ant'.

A
1, =149/ F, [LRFD] 7.40

A
rp=1.821 = [asD] 7.41

¥

ACI 318 does not have provisions for using unfactored loads. Where a total load is
known but the percentages allocated to live and dead loads are unknown, it is acceptable
practice to multiply the total load by an average load factor of 1.5 and proceed with the
design. The average load factor is based on a live load equaling three times a dead load,
which is consistent with the tables in the AISC Manual.

Example 7.6
Concentrically Axially Loaded Base Plate

A W12 x 72 steel column supports a dead load of 165 kips and a live load of 165 kips.
The column bears on a base plate the same size as a concrete pier (4, = 4;). The design
compressive strength of the concrete is £ = 5 ksi.

Section properties Material properties

d=123in ASTM A992 steel column ASTM A36 steel plate
by =12.0in F,=50ksi F,=36ksi
F,=65ksi F.= 58 ksi

Determine the size and thickness of a square base plate.
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Solution

Calculate the required design strengths.

LRFD ASD
R, =12D+16L R =D+L
=(1.2)(165 kips) +(1.6)(165 kips) =165 kips +165 kips
=462 kips =330 kips

Calculatc the required bearing area. Use the factored load becausec ACI 318 is
based on factored loads, not service loads. '

£
#(0.851,)
(1.2)(165 kips}+(1.6)(165 kips)

(0.65)(0:85)( 5 422

2167.24in* [=12.93inx1293in]

=

Use a base plate that is 14 in x 14 in (having an arca of 196 in’, which is greater
than 167.24 in?). Use Eq. 7.33 through Eq. 7.35 to calculate caatilever projection
lengths; the greatest value governs the design.

1 -0.95d
m=—
2
_14in~(0.95)(12.3 in)
- 2

=1.16 1n

_ B-0.305,

.

_14in-(0.80)(12.0 in)
2

n

=220 in
An' =12,

=(i)(1)\/(12.3 in) (12.0 in)

=3.04in [controls]
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Calculate the bearing stresses.

STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

LRFD ASD -
_ R, __ 462 kips _ R _ 330 kips -
“ BN (14in)(14 in) “ BN (14in)(14 in)
=2.36 ksi =1.68 ksi

Use Eq. 7.40 and Eq. 7.41 to calculate the required thickness of the base plate.

I=An"=3.04in [controlling value]

LRFD ASD
t =l.49l‘lZ t, = 1_321‘11
Fy F,
1.68 KPS
= 1 _ H n
_(1.49)(3.04 m) —(1.82)(3.04 ln) —-—36 Kips
in?

=1.15

=1.191in

Use a plate that is 14 in x 1"/, in x | f 2 in. Determine whether the base plate thickness
is excessive due to taking 1 conservatively as 1.0. Verify concrete bearing strength.

LRFD

ASD

.5, ¢f’AJ%

= (0. 65)[ k‘ps)

mn

196 in®
x(196 in’
( ) 196 in’
=637 kips [> 462 kips, so OK]

F, 0854 (4,

£
Q. Q \4

c

(o ss)( k“”](l% in?)
2.0
196 in?
196 in?
=416.50 kips [> 330 kips, so OK]

In some AISC publications, the reduction factor, ¢, is given as 0.60 rather than 0.65 as
specified. A reduction factor of 0.65 resuits in a more conservative design with a
design strength approximately 8% greater than a reduction factor of 0.60 gives.
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STEEL COLUMN DESIGN

To calculate 2, start by using Eq. 7.38 and Eq. 7.39 to calculate X,

— LRFD ASD
4db P, 2 2db, P2,
i T

A (d+5,) @.P, (d+b )P,
| _(4)(12.3in)(12.0 in)(462 kips) _(4)(12.3in)(12.0 in)(330 kips)

j (12.3 in+12.0 in)’ (588 kips) (12 3in+12.0 in)’(416.50 kips)
- |

=0.79 =0.79

- Calculate 4.

| x 201 o,
) A<31+V1-X  1+V1-079
H 1.0 [controis]

In this case, the calculated value of A is 1.0; therefore, taking 1 conservatively as
1.0 has resulted in no reduction in the thickness of the base plate. If the calculated

value of 2 had been less than 1.0, it would have resulted in a thinner calculated
thickness for the base plate.

PPl » www.ppiZpass.com
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Combined Stress

Members

Nomenclature

cross-scctional area

flange width

cocfficient for bending about stroag or
weak axis

overall width of rectangular HSS
member measured perpendicular to
plane of connection

torsional constant

fateral-torsional buckling modification
factor (beam buckling coefficient)

web shear cocfficient defined in AISC
Specification Sec. G2.1

decad load

outside diameter

modulus of clasticity

required axial stress

required flexural stress
available axial stress

available flexural stress

critical flexural buckling stress
elastic critical buckling stress
specified minimum tensile strength
specified minimum yield stress
height of wall or web

effective web height

overall height of rectangular HSS
member measured in plane of
connection

moment of inertia

torsional constant

web plate buckling coefficient
cffective length factor

8-1

in
in
(f-kips) '

in

in

Ibf

Ibf/in?
Ibf/in*
Ibffin*
Ibf/in*
Ibfin?
ibffin’
Ibffin®
Ibffin?
Ibf/in®
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KL
L
L

S &

P XEXREERR

&°

SRR R

"o

tab

v

cffective length

length

live load

length between braces or braced points

limiting unbraced length for full plastic
moment

limiting unbraced length for inelastic
lateral-torsional buckling

available flexural strength
moement due to dead load
moment due to live load
nominal flexural strength

plastic bending moment
required flexural strength
coefficient for axial compression
required force (ASD)

available axial compressive strength or
available tensile strength

available compressive strength out of
plane of bending

axial dead load

elastic buckling load

axial live load

nominal tensile strength
required axial compressive strength
equivalent required tabular load
required force (LRFD)

radius of gyration

elastic section modulus
thickness

flange thickness

coefficient for tension rupture
web thickness

cocfficient for tension yiclding
available torsional strength
torsional dead load

torsional live load

nominal torsional strength
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COMBINED STRESS MEMBERS

required torsional strength Ibf/in®
available shear strength {bf/in*
nominal shear strength {bf/in’
required shear strength Ibfin
required strength per unit length (ASD)  1bf/f
Wp dcad load per unit length Ibf/ft
live load per unit length bf/ft
required strength per unit length (LRFD)  1bf/ft
plastic section modulus : in’
Symbols
limiting width-thickness ratio for -
compactness
resistance factor (LRFD) -
safety factor (ASD) -

Subscripts

bending or flexure
compression

£ross

tensile or tension
torsional

major axis, web, or wall
x-axis or strong axis

y-axis or weak axis

N oW R g o~ ™ o6 o

minor axis

1. GENERAL

AISC Specification Chap. H is the primary source for information pertaining to
members subjected to combined stresses. Chapter H addresses members subject to
axial force and flexure force about one or both axes, with or without torsion, and
members subject to torsion only. That chapter is divided as follows.

Hi Doubly and Singly Symmetrical Members Subject to Flexure and

Axial Force

H2 Unsymmetrical and Other Members Subject to Flexure and Axial
Force

H3 Members Under Torsion and Combined Torsion, Flexure, Shear,
and/or Axial Force

PPl » www.pplZpass.com
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STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

The previous chapters of this book have discussed the design of members that are
subjected to forces along a single axis such as axial tension, axial compression, ang
bending about cither the X-X axis (strong) or the Y-V axis (weak). Most structurg|
mcmbers, bowever, are subjected 1o loading conditions that will produce combined
stresses on the member. As a member is loaded 1n a secondary or tertiary axis, the force
on the primary axis must be reduced so that the cffects of the combined loads will not
exceed the design strength (LRFD) or the allowable strength (ASD) of the member,

The reduction of loads on onc axis to accommodate loads along another axis makes
combined stress members more difficult to design. Fortunately, the 4AISC Manual
provides some help in simplifying design and analysis.

2. DOUBLY AND SINGLY SYMMETRICAL MEMBERS SUBJECT TO
FLEXURE AND AXIAL FORCE

Of the various kinds of members under combined stresses, the easiest to design and/or
analyze is a beam subjected to biaxial bending. Typical examples include roof purlins
and wall girts that are subjected to bending about their x- and y-axes.

When an axial load is added, the solution becomes a littlc more complex. The
equations used to check the combined stresses or combined load capacities are often
called interaction formulas or unity check formulas.

Design for Compression and Flexure

The two basic formulas for designing or analyzing doubly and singly symmetrical
members subject to flexure and axial force are as follows. In these formulas, P, is
required axial compressive strength, P, is available axial compressive strength, M, is
required flexural strength, and M; ts availabie flexural strength. Subscripts x and y
pertain to the strong and weak axes, respectively.

For P/P.>0.2,
M M
fr_+ 8 ~+—2|<1.0 [AISCEq. Hl-1a] a1
})c 9 Mcx Mcy
For P/P.<0.2,
M M
E +} —+—L [<1.0 [AISCEq. HI-1b] 8.2
2R \M, M,

When there is no axial force, Eq. 8.1 is not applicable. Use Eq. 8.2 with P,/2P,. = 0.
Design for Tension and Flexure

The interaction of tension and flexure in doubly symmetric members and singly
symmetric members constrained to bend about a geometric axis (x and/or y) is limited

PPl » www.ppli2pass.com




COMBINED STRESS MEMBERS

by Eq. 8.1 and Eq. 8.2. As before, whea there is no axial force, Eq. 8.1 is not
applicable, and Eq. 8.2 is used with P,/2P. = 0.

The lateral-torsional buckling modification factor, C,, was discussed in Chap. 5. In

LRFD, for doubly symmectric members, C, may be increased by JI+(P; /Pq) for
axial tension that acts concurrently with flexure. In ASD, for doubly symmetric

members, C, may be increased by,’1+(l.5Pa /Pq) for axial (ension that acts

concurrently with flexure. In these expressions,

T El

P, = TL [AISC Sec. HI.2] 83
]

3. DOUBLY SYMMETRIC MEMBERS IN SINGLE AXIS FLEXURE AND
COMPRESSION

For doubly symmetric members in flexure and compression, with moments primarily
in one plane, the combined approach given in 4/SC Specification Sec. H1.1 need not be
followed. Instead, two independent limit statcs—in-plane instability and out-of-planc
buckling—rmay be considered separately.

For the limit state of in-plane instability, use Eq. 8.1 and Eq. 8.2 as applicable.
« Determine P., M,,and M, in the plane of bending.

For the limit state of out-of-plane buckling, use

2
P M
4] —— | <1.0 [AISCEq. Hl-2 8.4
E (MJ [AISC Eq. HI-2]

co ox

Example 8.1
I-Shaped Beam with Biaxial Bending

The steel beam shown is laterally supported along the full length of its compression
flange.

in the x-axis:

live load = 0.80 kip/ft
dead load = 0.42 kip/ft
in the y-axis:

live load = 0.34 kip/ft
no dead load

PPl » www.ppiZpass.com
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Scction properties

WI16x 67 S, =23.2in’
Z, =130i0’ b2 =17.70
Z,=355in’ hit, = 35.9

STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

Material propertics

ASTM A992 steel

F, = 50 ksi
F, = 65 ksi

Determine whether the beam is satisfactory for the applied loads.

Solution

Calculate the required strength for LRFD and ASD.

LRFD ASD
For the x-axis, For the x-axis,
w, =12w, + 16w, W, =w,t+w,
kip kip kip
=(1.2)] 0.42 =042 —+0.80 —
=122 kips/ft
+(L 6)[0 80 p) e
f M, ==
=178 kips/ft 8
_wl (1 22 k""‘](30 fr)’
kips 2 ) .
1.78 S (30 f) =137.25 ft-kips
- 8
=200.25 ft-kips
For the y-axis, For the y-axis,
w, = 12w, +1.6w, w,=w,+w,
kip o KD oo, Kip®
—+034 —
=(l. 2)( B ) B
kip =0.34 kip/ft
+(16) 034 X2 s
=0.54 kip/ft 78
_wl (0 34 )(30 ft)’
ry 8 =
kip 2 .
0.54 = (30 ft) =38.25 ft-kips
- 8
=60.75 ft-kips
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Check for the limiting width thickness ratios of the flanges and web. For the flanges,
see case | from AISC Specification Table B4.1.

4,=038 ’ﬁ
Fy

=9.15 [> bf/2:, =7.70, 50 compact:l

Therefore, the flanges are compact. All but 10 wide-flange shapes have compact
flanges for ASTM A992 steel, and all but one have compact flanges for ASTM A36
steel.

For the web, see case 9 from Table B4.1,

A,=3.76 f—E-
F,

=90.55 [> 4/t =359, so compact]

Therefore, the web is compact. (All wide-flange shapes have compact webs for ASTM
A992 steel, so this calculation could be omitted.)

Calculate the nominal flexural strength for the x-axis. Because a compression flange is
laterally braced for its entire length, the nominal moment capacity is caiculated as

follows, using Eq. 5.6.
MRX = Mp =F}ZI
kips
50 130 in®
( in’ )( ")
2=

ft
=541.67 ft-kips
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Calculate the nominal flexural strength for the y-axis using Eq. 5.19.

(50
FZ =

kips

2

11

)(35.5 in’)

yoy

M <1

ry

=147.92 ft-kips

(1.6)(50

Y
ft

[controls]
'f'ps)(zs.z in’)
n

2

L6F,S, =

Calculate the design strength (LRFD) and the allowable strength (ASD) for the

=154.67 ft-kips

12 —
ft

member.
LRFD ASD
For the x-axis, For the x-axis,
M_=¢M, v M,
=(0.90)(541.67 fikips) o,
= 487.50 fi-kips _ 341.67 fi-kips
1.67
=324.35 ft-kips
For the y-axis, For the y-axis,
M, =¢M, =090M, Vi M,
=(0.90)(147.92 fi-kips) v
=133.13 ft-kips _ 147.92 fi-kips
1.67
=88.57 ft-kips
Alternatively, from AISC Manual Table 3-2 and Table 34,
LRFD ASD
Feor the x-axis, For the x-axis,
M_=¢M =488 ft-ki
o« =My pe M, === =324 fiXips
b
For the y-axis, For the y-axis,
Mcy = ¢bMpy =133 fi-kips My _ Mpy — 88.6 fi-kips
Q,
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Perform the unity check to determine whether the beam is satisfactory. Because therc is
po axial load, P,/P.= 0 < 0.2. Thercfore, use Eq. 8.2. With no axial load, the first term
of Eq. 8.2 is zero.

'Pl' MPI M.l'
+ +—2<1.0
21::' Mr.'x Mcy
MPI Mf
0+ +—=<1.0
M, M
[ cy
LRFD ASD
rx Mr M g 3 MI’
+—2<1.0 —+—"<1.0
Mc.x cy cx cy
200.25 ft-kips 137.25 ft-kips
487.50 ft-kips 324.35 fi-kips
+M=0.87 +m=o_86
133.13 ft-kips 88.57 ft-kips
[£1.6,50 0K] [£1.0,50 0K]

The beam is satisfactory for the design loads because the results of the interaction
equations are less than or equal to 1.0.

4. COMBINED TENSION AND BENDING

Hangers and vertical and horizontal bracing members are typical members that are
subject to combined tension and bending.

There are a number of advantages to using hangers to support loads. Hangers use less
steel and do not take up valuable floor space as columns do. They make optimal use of
the strength of the material. Unless braced in some manner, a hanger can also be
subjected to lateral loads in one or both axes.

When a tension member is subjected to bending loads in either or both of its axcs, the
design tensile strength (LRFD) or allowable tensile strength (ASD) must be reduced.
The same interaction equations, Eq. 8.1 and Eq. 8.2, are used for hangers as for
combined compression and bending members. However, C, may be increased in
accordance with A/SC Specification Sec. H1.2 when calculating the nominal flexural
strength.
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Example 8.2
Combined Tension and Bending

A hanger is loaded as shown. The member is laterally unbraced except for the rigid
conncction at its top.

B AP

W10x26

ASTM A%92

steel hanger

y-axis moments:

due to dead load = 1.6 ft-kips
due to live load = 3.2 ft-kips

8ft

x-axis lateral loads:
dead load = 1 kip
live load = 2 kips

axial loads:
dead load = 25 kips

live load = 50 kips

Section propertics Material propertics
A=1761in’ L,=480f ASTM A992 steel
5,=279in’ L=149f F,= 50 ksi
S,=4.89 in’ by/24;=6.56 F,=65ksi
Z,=313in’ hit,=34.0
Z,=17.50 in’ f,=14.1 in*

Determine whether the hanger satisfies the AfSC Marnual s strength requirements.

Solution

Calculate the required strengths for LRFD and ASD. The axial load is

LRFD ASD
P =12D+16L P=D+L
=(1.2)(25 kips)+(1.6)(50 kips) =25 kips +50 kips
=110 kips =75 kips
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The x- and y-axis bending are

COMBINED STRESS MEMBERS 8-11

LRFD ASD
M, =12P, h+1.6Ph M, =P, h+B.h
=(1.2)(1 kip)(8 ) = (1 kip) (8 ft)+(2 kips)(8 f)
+(1.6)(2 kips)(8 f) =24 fikips
=35.20 fi-kips
M, =12M, +1.6M, M, =M, +M,
=(1.2)(1.6 ft-kips) = 1.6 ft-kips +3.2 fi-kips
+(1.6)(3.2 fi-kips) =4.8 ft-kips
=7.04 f-kips

Check for the limiting width thickness ratios of the flanges and the web. For the
flanges, sce AISC Specification Table B4.1, case 1.

A,=038 L
\F,
kips

29,000 —&
=038 | —— -0
50 ~E°
n

=9.15 [> bf/th = 6.56, so compacl]

The flanges are compact. All but ten wide flange shapes have compact flanges for
ASTM A992 steel, and all but one have compact flanges for ASTM A36 steel. For the
web, sce AISC Specification Table B4.1, case 9.

2,=376 ’ﬁ
F,

=90.55 [> &fr_ =340, so compact]

The web is compact. (This step could be climinated because all wide flange shapes
have compact webs for ASTM A992 steel.) The nominat tensile strength is

kips

inz

P=FA = (50 )(7.61 in) = 380.50 kips
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STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

Calculate the design tensile strength (LRFD) and the allowable teasile strength (ASD).

LRFD ASD
P, =¢,P, =(0.90)(380.50 kips) p - P _ 380.50 kips
=342.45 kips cQ 1.67

=227.84 kips

Calculate the nominal flexural strength about the x-axis. Because b = Ly and L, <
Ly, < L., bending about thc strong axis falls into zone 2 bending, the inclastic
buckling limit, and the nominal design strength will be less than M, Therefore, use
Eq. 5.9. For a cantilevered beam, C, is 1.0 (AISC Specification Sec. F1); however, it

is possible to increase C, in accordance with Scc. 8.2 (from AISC Specification
Sec. H1.2) as follows. From Eq. 8.3,

7'El,
€y o Li
z* (29,000 5,‘-",3)(14.1 in*)
in
= . 2
8 /)] 12 EJ
oy (12 2
=437.90 kips
LRFD ASD
P =P =110 kips P, =P =75kips
7 =‘/1+ 110 kips ISR _ [ (15)(75 kips)
F, 437.90 kips P, 437.90 kips
=1.12 =1.12

Therefore, C; could be taken as (1.12)(1.0) = 1.12. For this problem, use a conser-
vative approach and assume Cj is 1.0. From Eq. 5.6,

M,=FZ,

ki .
(50 F"f](:u.a in’)

122
fi

=130 fi-kips
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From Eq. 5.9,
L—-L
Mn: = Cb(MP —(MP _O-TF}’S‘){L _LP J]s Mp
r P
( (130 fi-kips ) \
(0'7)(50 l?lp’S) 8 fi—4.80 fi
=(1.0)| 130 R-kips - n [ —4 )
x(27.9 in’) 1490 i—4.80 &t
in
12 —
\ \ ft J /

=114.59 fi-kips [S M,,so conlmls:l

Calculate the nominal flexural strength about the y-axis using Eq. 5.17.

) [50 Kips )(7.50 in’)

Y]
n
F;'Zy -

122
ft
=31.25 fi-kips [controls]

(1.6)(50 ld':'s)(4.89 in’)

-2
in

1.6F,S, =

22
ft

=32.60 fi-kips

Calculate the design flexural strength and the allowable flexural strength. The nominal
strengths for the x- and y-axes are

M, =114.59 fi-kips
M,,=3125 R-kips

LRFD ASD
M, =¢,M_=(0.90)(114.59 fikips) |, _ M, _114.59 fi-kips
=103.13 fi-kips T 1.67
=68.62 f-kips
M_ =g M, =(0.90)(31.25 fi-kips) e M,, _31.25 f-kips
=28.13 fi-kips 7 Q, 1.67
=18.71 fi-kips
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STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

Determine whether Eq. 8.1 or £q. 8.2 1s the

correct interaction cquation to use.

P _ 110kips
P 34245 kips
=0.32 [20.2, so use Eq. 8.1}
From Eq. 8.1,
LRFD ASD
M, M M_ M
ﬂ+(§) e <10 ﬂ+(§) Z+—=1<1.0
F\9N\M, M, F\9N\M, M,
110 kips _{EJ 75 kips +(§)
34245 kips \9 22784 kips \9
35.20 ft-kips 24 ft-kips
103.13 ft-kips 68.62 fi-kips
] =0.85 X . =0.87
+ 7.04 ft-kips + 4.8 ft-kips
28.13 ft-kips 18.71 fi-kips
[£1.0,50 0K] [£1.0,50 OK]

Therefore, the W10 x 26 hanger section is satisfactory to resist the imparted loads. It
satisfies the requirements of the AISC Manual.

5. COMBINED COMPRESSION AND BENDING

Members having combined compression and bending stresses occur frequently in
building structures. Columns in moment-resisting frames are a typical example. Beam
columns are usually beams that have axial foads due to wind, seismic, or other lateral
loads.

Designing these members can be tedious because it is an iterative process. Fortunately,
Part 6 of the AISC Manual provides guidance and many constants that help in the
design and analysis of these members, keeping the number of iterations to a minimum.

Members subjected to combined compression and bending forces ase designed to
satisfy the requirements of Eq. 8.1 (for P,/P.> 0.2) and Eq. 8.2 (for P,/P. < 0.2). The
tables in Part 6 of the AISC Manual can be used in designing and analyzing W shape
members subjected to combined axial and bending loads. These tables contain values
for five variables that can be used to resolve Eq. 8.1 and Eq. 8.2 more quickly. These
five variables are defined in Table 8.1.
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COMBINED STRESS MEMBERS

Table 8.1 Definilions of p, by, by, t, and {,

LRFD ASD

: L | Q

axial compression (kips ) P= E p= P
strong axis bending (f-kips) ' b, = 5 ¢j’fm b = 9831
weak axis bending (ft-kips) ™! b, = 9¢i/[ b, = 98:;"
55" ny y

1 Q,

tension rupture (kips™') t = m (= m

tension yielding (kips ') t,= 2 F!A t, = ng

<’y v

For this use, Eq. 8.1 can be rewritten as
pP+bM_+b M <1.0
Equation 8.2 can be rewritten as

0.5pF, +3(b,M, +bM,)<1.0

Example 8.3

8.5

8.6

Combined Compression and Bending on W Shape Member
A steel column supports the loads shown and has the following properties.

axial loads:
dead load = 40 kips

live load = 60 kips
- 7%

y-axis braced
L at midheight

A

x-axis bending moments:
due to dead load = 20 ft-kips
due to live load = 40 ft-kips

y-axis bending moments:
due to dead load = 10 ft-kips
due to live load = 20 ft-kips

PPl » www.pplZpass.com
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8-16 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

End conditions
top of columa, both axes: rotation free, translation fixed

bottom of celumn, both axes: rotation free, translation fixed

Bracing

x-axis: ends only

y-axis: both ends and midheight
Material propertics

ASTM A992 steel

F, =50 ksi

F, =65 ksi

Determine the lightest W12 steel section that will support the loads with the given end
conditions,

Solution

From AISC Commentary Table C-C2.2, the effective length factor for both the x- and
y-axes is 1.0. Because the y-axis is braced at midheight, the effective length for the
y-axis is

KL =(l.0)(10 ﬁ)=10 ft
The effective length for the x-axis is

KL, =(1.0)(20 f)=20 &

Calculate the required strengths.
LRFD ASD
The axial load is The axial load is
P =12D+1.6L P=D+L
—(1.2)(40 kips)+(1.6)(60 kips) | =40 kips+60 kips |
=144 kips =100 kips 1
The x-axis bending is The x-axis bending is
M_=12M, +1.6M, M =M, +M,_ ‘
= (1 _2)(20 ﬁ-kips) =20 ft-kips + 40 ft-kips 'I
+(1.6) (40 fi-kips) =60 f-kips _
=88 fi-kips i
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LRFD ASD
The y-axis bending is The y-axis bending is
M, =12M, +1.6M, M, =M, +M,
=(1.2)(10 f-kips) =10 fi-kips + 20 f-kips
+(1.6)(20 f-kips) =30 fi-kips
=44 ft-kips

In Table 4-1 of the AISC Manual, the lightest W12 column section listed is a W12 x 40.
Lighter W12 sections arc available, which are used primarily as beam scctioas.
Calculating the eccentricitics reveals that they are relatively large, 0.60 ft on the x-axis
and 0.30 f& on the y-axis. Based on the relatively large cccentricitics, assume that the
ratio of the required axial strength to the nominal strength will be approximately
0.25 for the first trial selection. Calculate the approximate equivalent required tabular
load based on a ratio of 0.25.

LRFD ASD
£ = b
b = ratio Fu = ratio
_ 144 kips _ 100 kips
© 025 025
=576 kips =400 kips

Select tentative column scctions from A/SC Manual Table 4-1 using an effective
length with respect to the y-axis of 10 ft.

LRED, §.P,  ASD, P,/Q.

section (kips) (kips)
WI2x 45, r./r,=2.64 448 298
WI2 x50, r,/r,=2.64 499 332
WIi2 x 53, r./r,=2.11 590 393
W12 x 58, r./r,=2.10 649 432

All the r, /r, ratios for these beams are preater than 2.0, and the unbraced length ratio
between the x- and y-axes is 2.0, so the effective unbraced length with respect to the
y-axis is 10 fi.

The ratio of required strength to nominal strength was assurned for this trial to be 0.25,
so Eq. 8.1 is the interaction formula that applics, unless subsequent calculations
indicate that the ratio is actually less than 0.20, in which case Eq. 8.2 is the applicable
formula.

Using tables in Part 6 of the AISC Manual, sclect the lightest W12 member that
will develop the required strengths. If the assumed ratio of 0.25 is correct, then the
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W12 x 53 or the W12 x 58 will be the correct sclection. However, check the W12 x 50

first in case it proves to be acceptable.

Perform a unity check for the W12 x 50 member with Eq. 8.5, the modified interaction

formula. From AISC Manual Table 6-1,

STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

LRFD

ASD

px10’ =2.0 kips™
b, x10* = 4.64 (ft-kips)"
b,x10° =11.1 (f-kips)”

px10° =3.01 kips™
b,x10° = 6.97 (fikips)"
b,x10° =16.7 (fi-kips)"

From Eq. 8.5,

LRFD

ASD

pP+oM, +b M, <10

(log.z?sz(lM kjps)-t-(g)

( 3
—]4°64_ (88 fi-kips)
10° fikips

11.1
X 4| ——
(103 ﬁ-kips)
x(44 fi-kips)

\ /

=1.09

[> 1.0, not OK]

PR +bM, +b M, <10

3.01 . 8
100 kips)+| 2
[10’ ijSJ( Ps) (9]

( \
597 |60 rkips)
10° fi-kips

16.7
X | ——
10° ft-kips
%(30 ft-kips)

\ y

=1.12

[> 1.0, not OK]

This is not good, so the W12 x 50 is unsatisfactory.

Becausc the first term in the solution of the interaction exceeds 0.20, Eq. 8.1 is the right
equation to usc. Perform a unity check for the W12 x 53 member with the modified
interaction formula and values from Table 6-1. From AISC Manual Table 6-1, r

-

LRFD

ASD

px10° =1.69 kips™
b,x10° =3.86 (ft-kips)”
b,x10* =8.15 (f-kips)™

e

px10° =2.58 kips™
b,x10° =5.8 (fi-kips)™
b,x10" =12.2 (ft-kips) ™

i L
e _-&

f f
Es Lo

S

—
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. COMBINED STRESS MEMBERS 8-19
From Eq. 8.5,
LRFD ASD
pP+b M _+bM <10 pP+bM +b M <10
1'6? (144 kips)+(§] 2'5_8 (100 kips)+(§-)
10’ kips 9 10" kips 9
. 3 (
388 g8 fkips) — 58 (60 kips) |
10° ft-kaps 10" ft-kips
8.15 12.2
X o e X e
10° fi-kips 10° fi-kips
x(44 fi-kips) x(30 R-kips)
\ / \ /
=0.86 =0.90
{£1.0,50 OK] [£1.0,s00K]

This is OK, so the W12 x 53 is satisfactory. Because the first term in the solution of the
interaction exceeds 0.20, Eq. 8.1 is used. Therefore the W12 X 53 is the lightest W12
section capable of resisting the required design loads.

Example 8.4
: Combined Compression and Bending on HSS Member
An HSS10 x 6 x */; member supports the load shown and has the following propertics.

axial loads:
dead load = 20 kips

live load = 60 kips
- V%

20 ft

LA

x-axis bending moments:
due to dead load = 5 ft-kips
dua to live load = 13 ft-kips
y-axis bending moments:
due 1o dead load = 5 ft-kips
due to live load = 10 ft-kips
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STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL 3E EXAMS

End conditions
top of column, both axes: rotation frce, translation fixed

bottom of column, both axes: rotation free, translation fixed

Bracing
x-axis: ends only
y-axis: ends only

Scction propertics

Material properties

t,=0.349 in r,=3.63in ASTM ASQ0, grade B steel
A=104in? Z,=338in’ F, = 46 ksi

blt=14.2 £,=61.8in* F, =58 ksi

hit=25.7 5,=20.6 in’

4,=137 in* r,=244in

S.=274in’ Z,=23.7in’

Determine whether the column is adequate to support the applied loads.

Solution
Calculate the required strengths.
LRFD ASD
The axial load is The axial load is
P =12D+1.6L P=D+L
=(1.2)(20 kips) +(1.6)(60 kips) = 20 kips + 60 kips
=120 kips =80 kips
The x-axis beading is The x-axis bending is

M, =12M, +1.6M,,
=(1.2)(5 fi-kips)

er = MDx +ML1
=5 ft-kips+13 fi-kips

+(1.6)(13 fi-kips) =18 fi-kips
= 26.80 ft-kips
The y-axis bending is The y-axis bending is

M, =12M,, +1.6M,,
=(1.2)(5 fi-kips)
+(1.6)(10 ft-kips)
=22 fi-kips

M =M, +M,,
=5 fi-kips +10 ft-kips
=15 ft-kips
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COMBINED STRESS MEMBERS

Determine whether the flanges or the webs are compact. For the flanges, use AISC

Specification Table B4.1, casc 12.

B 29,000 k“f
112 [=— =112 |———8— =28.12 (> b/r=14.2, s0 compact]
F kips
n

For the webs, use AISC Specification Table B4.1, case 13.

=60.76 [> hft =25.7, so compact]

Calculate the critical slendemess ratio. The y-axis governs for the given conditions.

KL (1(20 ﬁ)(lz %)
r,  244in

¥y

=98.36

Determine whether the compression is in the inelastic or the elastic range.

=118.26 [>KL{r,so useEq. 7.6]

The member is in the inelastic range, and Eq. 7.6 applics. Calculate the clastic critical
buckling stress using Eq. 7.8.

(29 000 k'sz

nE in

) [ KL )’ (98.36)°
;
= 29.58 ksi

Calculate the critical flexural buckling stress using Eq. 7.6.
F, =0658%/"F
=(0.658)" Ffoa'E [ k‘ps)
’ in

=23.99 ksi

PPl » www. ppiZpass.com
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STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

Calculate the nominal axial strength using Eq. 7.2.

kips .
P=FA =[23.99 3 ](10.4 in”)

= 249.52 kips

Calculate the design strength (LRFD) and allowable strength (ASD).

LRFD ASD
@ P, =(0.90)(249.52 kips) P, _249.52 kips
=224.57 kips Q 1.67
=149.41 kips

Calculate the flexural design strength for the x-axis using Eq. 5.23. The section is
compact.

M =M _=FZ

nx px y©=x
kips .
46 33.8
(16 8 )

12:=

fi

=129.57 fi-kips
LRFD ASD
%M, =(0.90)(129.57 fi-kips) M, 129.57 fikips

=116.61 fi-kips Q, 1.67
=71.59 ft-kips

Calculate the flexural design strength for the y-axis using Eq. 5.23. The section is
compact.

M"J‘ = MPJ’ = 'F;’Z)’

[46 @)(23.7 in*)

2 2
ft
=90.85 fi-kips
LRFD ASD
¢,M,, =(0.90)(90.85 f-kips) M, _ 90.85 ft-kips
= 81.77 fi-kips Q, 1.67
=54.40 ft-kips
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COMBINED STRESS MEMBERS 8-23

Determine which interaction formula is applicable.

r

P 224 kips

P _ 120 kips

=0.54 [20.2, sousc Eq. 8.1}

Perform the unity check using Eq. 8.1 as the interaction formula.

LRFD ASD
M M M_ M
f~+(§} —+—21<1.0 £+(§] = +—21<1.0
P \OAM, M, P9/ M, M,
120 kips +(§J 80 kips +(§J
22457 kips \ 9 149.51 kips \9
26.80 ft-kips 18 f-kips
116.61 ft-ki .59 ft-ki
x PP 1-0.98 K| 70 ks o
,..22.0 f-kips . 15.0 Rrkips
81.77 fi-kips 54.40 ft-kips
[<1.0, 50 OK] [£1.0,50 0K]

The column is adequate to support the applied loads.

The procedures used earlier in solving Ex. 8.3 are generic and can be used to solve all
doubly and singly symmetrical members subject to flexural and axial forces. However,
the example problem could also have been solved more quickly using the design aids in

the AISC Manual as follows.

LRFD

ASD

From AISC Manual Table 4-3,
P, =¢.P, =224 kips

From AISC Manual Table 3-12,
M_=¢M, =116 fi-kips
From AISC Manual Table 3-12,
M, =¢,M, =818 f-kips

From AISC Manual Table 4-3,

P = b =149 kips
Q

(-3

From AISC Manual Table 3-12,

M, .
M_=——=T77.5 ft-kips
Q

b
From A/SC Manual Table 3-12,

M
M_ =—"=54.4 fikips
¥ Qh
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6. UNSYMMETRICAL AND OTHER MEMBERS SUBJECT TO FLEXURE
AND AXIAL FORCE

For members that are subject to flexure and axial stress but that do not conform to the
member descriptions in AISC Specification Sec. H1, use the interaction formula in
Eq. 8.7 to detcrmine whether they are satisfactory.

£-pé'"—+f+*=51.0 [AISC Eq. H2-1] 8.7 §
F, F, Fy

]

- -H-"TFEH

The subscripts w and z stand for the major and minor principal axes, respectively.

7. MEMBERS UNDER TORSION AND COMBINED TORSION, FLEXURE,
SHEAR, AND/OR AXIAL FORCES

Torsional Strength of Round and Rectangular HSS Members

The closed shapes of round and rectangular HSS members make them extremely
cfficient in resisting torsional forces. The design torsional strength, ¢;T, (LRFD

¢r = 0.90), and the allowable torsional strength, 7,/Qr (ASD, Qr = 1.67), of thesc
members are determined as follows.

[ emwy e

The limit states for deriving the nominal torsional strength are torsional yiclding and
torsional buckling. The nominal torsional strength is

T, =F,C [AISCEq. H3-1] 8.8

The values of the critical stress, F,, and the HSS torsional constant, C, are calculated
differently for round and rectangular HSS.

Round HSS Members

For round HSS, the critical stress, F, is the larger of the values given by Eq. 8.9 and
Eq. 8.10, but no larger than 0.60F,.

F._ 2% [AISC Eq. H3-2a] g9 | ‘

5(7)
D\t
 0.60E

L is the length of the member and D is its outside diameter. The torsional constant, C, 1
can be conservatively taken as '-f

——m,

dmciag

[AISC Eq. H3-2b] 8.10

e

2 1
_m(B=)t o |
2
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COMBINED STRESS MEMBEBERS

Rectangular HSS Members

To calculatc the critical stress for rectangular HSS, start by comparing kit to

2.45,JE[F,. For hit< 2.45,/5/}«" ,

F_,=0.6F, [AISCEq.H3-]] 812

For 2.45,[E[F, <h/t< 3.07,[E[F,,

0.6}?){2.45 £]
\lp
F _ ¥

. h
(

[AISC Eq. H3-4] 8.13

For 3.07,/E[F, < hit <260,

2
o 0.45’?72 E
0

The torsional coanstant, C, can be conservatively taken as

[AISC Eq. H3-5] 8.14

C=2(B—t)(H-1)1-(4.5)(4-m)¢* [AISC Sec. H3.1] 8.15

Example 8.5
Torsional Strength of HSS Member
An HSS12 x 6 x ¥/, member is subjected to torsional forces only.

Section properties Material properties
t=0.174 in Z,=23.7in’ ASTM AS500, grade B stecl
A=6.06 in® I,=40.0 in* F,= 46 ksi
bit=31.5 S,=133in’ F, =58 ksi
hit=66.0 r.=2.57in
L,=116 in* Z,=147in’
S.=19.4 i’ J=94.6in’
r,=438in C=24.0in’

Determine the nominal torsional stremgth, the design strength (LRFD), and the
allowable strength (ASD).

PPl * www.ppliZpass.com
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8"26 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

Solution

Compare A/t to 2.45,,E/Fy to determine whether Eq. 8.12, Eq. 8.13, or Eq. 8.14 is the
appropriate formula for calculating the critical stress, Fo.

B 29,000 k“’f
245 [— =245 |——0_=61.52 [<hft =66, so cannol use Eq. 8.12]
F klp
y 46
lI'l
B 29,000 k"’f’
3.07 | = =3.07 [ ———_=77.08 [>4fr=66, souseEq. 8.13]
F, kips
lIl

The torsional constant, C, is given, so it does not have to be calculated. Use Eq. 8.13 1o
calculate the critical stress, Fg.

0.6F | 2.45 |[-£
y Fy
F =

) Ll
t

(0.60)(46

=25.72 ksi E
Use Eq. 8.8 to determine the nominal torsional resistance. i
(25 72 lqsz(24 0in’) !
T =FC= = - ]
12 —
" 1
=51.44 ft-kips !

Determine the design and allowable torsional strengths.

LRFD ASD
T.=¢T, T =£=51.44 ft-kips

=(0.90)(51.44 fi-kips) TQ 167

=46.30 f-kips =30.80 fi-kips
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HSS Members Subject to Combined Torsion, Shear, Flexure, and Axial
Force

When the required torsional strength, 7,, is less than or equal to 20% of the available
torsional strength, T, then the interaction of torsion, shear, flexure, and/or axial force
for HSS mcmbers is determined in accordance with AISC Specification Scc. HI.
Torsional effects arc neglected. When P, /P. > 0.2, Eq. 8.1 applics; when P, /P, < 0.2,

Eq. 8.2 applies.

Whean the required torsional strength, T,, exceeds 20% of the availablc torsional
strength, T, the intcraction of torsion, shear, flexure, andfor axial load is limited by

Eq. 8.16.

£, M,

< [4

2
(£+ MJ+(—E—+-;—) <1.0 [AISC Eq. H3-6] 8.16

Where there is no axial load, P, /P.=0.

Example 8.6
Combined Flexure, Shear, and Torsion
An HSS12 x 6 x /,; member is loaded as shown.

dead load = 1.23 kips/ft
live load = 2.78 kips/ft

9251t

torsional loads: -
dead load = 2.0 ft-kips
live load = 6.0 ft-kips

Section properties Material properties
t=0.174 in Z,=23.7in’ ASTM A500, grade B steel
A =6.06in’ I,=40.0 in* F, = 46 ksi
blt=315 S,=133in’ F,=58ksi
hit=66.0 r,=2.57in
I,=116 in* Z,=14.7in’
S.=194in’ J=94.6 in*
re=4.38in C=24.0in’

Determine whether the member is satisfactory for the imparted loads.

PPl » www.ppiZpass.com
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STEEL DESIGN FOR THE CIVIL PE AND STR

Solution

Calculate the required strengths.

UCTURAL SE EXAMS

LRFD

ASD

V,=(12w, + 16w, )(%J
(1.2)(1 23 kg’s)
+(1 6)(2 78 k‘gsj

b= (wyew,) 2]

(1 23 Kips | 5 ¢ Kips )
f ft

(9.25 ﬁ]
X
2

(9.25 &J =18.55 kips
X
2
=27.40 kips
W, =w,+w, W, =w,+w,
= 2)(1 23 k‘ffs) _1.23 Xips 5 75 Kips
=4.01 kips/ft
+(l. 6)(2 78 k"’s) P/
ft
=5.92 kips/ft
2 2
M, = wl M = w L
(5 92 k‘psj(azs &)’ (4 01 k‘ps)(azs f)
8 8
=63.32 ft-kips =42.89 fi-kips
T =12T, +1.6T, T =T,+T,

=(1.2)(2.0 f-kips)
+(1.6)(6.0 ft-kips)
=12.0 f-kips

=2.0 ft-kips + 6.0 ft-kips
=8.0 fi-kips

Calculate the shear capacity of the section. From Sec. 5.17, the effective web height for

shear is taken as the height less three times the wall thickness (h, = h — 31).

A, =2ht=2(h-3t)}t
=(2){12 in-(3)(0.174 in))(0.174 in)

=3.99 in’

PPl «- www.ppiZpass.com
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COMBINED STRESS MEMBERS
Usc Eq. 5.44.
V,=060F 4.C,

For hlt, < 260, thc web plate buckling cocfficient, &,, is 5.0 {(per AISC Specification
Sec. G2.1b). Determine the equation to usc to calculate C,.

(5)[29,000 kips)

-2
Lo [5E 2110 = =
F, 46 2B
in
=61.76 [<hft=66]
Therefore, use Eq. 5.46.
.10 kE
— ¥y
C, =

N
(5)(29,000 k‘—"f)
1.10 ——
kips

.2

46
in
66

=0.94

Calculate the nominal shear capacity, ¥, using Eq. 5.44.
V,=0.6F AC,
kips
={0.6})] 46
( )( inl

=103.52 kips

)(3.99 in?}(0.94)

Calculate the design shear strength and the allowable shear strength,

LRFD ASD
V.=oV, y - Ve _103.52 kips
=(0.90)(103.52 kips) °Q, 1.67

=93.17 kips =61.99 kips

PPl » www. pplZ2pass.com
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Calculate the design and the allowable torsional strengths. (The torsional strengths of

the HSS12 x 6 x */,, member will be the same as calcutated in Ex. 8.5, as the members
are the same size.)

LRFD ASD
T.=¢.T, T - T, _51.44 fi-kips
=(0.90)(51.44 A-kips) © 1.67
=46.30 ft-kips =30.80 fi-kips

Determine the appropriate formulas for calculating the allowable flexural strength of

the tubular section. Check the flange slenderness ratio in accordance with AISC
Table B4.1, case 12.

E 29,000 XIS
A, =112 ’—=1.12 s = 2812
F, V 46 2
in
i 29,000 'f‘—ﬂs
A, =1.40 ’-:1.40 — A =35.15
F, q 46 ~B°
m

% =31.5 [,lp <bft<i, so noncompact]

The section flange is noncompact.

Check the web slenderness ratio in accordance with AISC Table B4.1, case 13.

5 29,000 1P
A, =2.42 f— =242 I = 60.76
F, 46 B2
n
E 29,000 1B
4,=5.70 ;— =5.70 |—I =143.12
F, q 46 ~2>
m

?r— 66.0 [AP <hft<a,so noncompact]

The section web is noncompact.
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COMBINED STRESS MEMBERS

Calculate the plastic moment capacity using Eq. 5.6.

k'ps)(zs 7in’)

el =90.85 ft-kips

[46

M =FZ= :
r ¥

12 in

ft

Calculate the moment capacity based on the limit state of flange local buckling, using

Eq. 5.24 because the flanges are noncompact.

. N
M,=M,—(M,-FS,)| 357 ~ 40 |sM,

o
=90.85 fi-kips —| 90.85 ﬁ-k:ps—[46 k‘ps) Lt
m

12 =
fi
x (3.57)(31.5)
=82.95 ft-kips [<M,=90.85 n-kips]
' Calculate the moment capacity based on the limit state of web focal buckling, using

Eq. 5.27 because the web is noncompact.

h !F
M,=M,~(M,- P}S,)[OSOS[TJ - —0.738J <M,

.3
= 90.85 fi-kips —| 90.85 ﬁ-klps—(46 klps) 19.4 in
m

x| (0.305)(66.0)

=89.72 fi-kips [< M, =90.85 fi-kips |

The smaller value for moment capacity, M, = 82.95 ft-kips, controls.
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8-32 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

LRFD ASD
¢M, =(0.90)(82.95 ft-kips) M, _ 8295 fi-kips _ 49.67 kips
=74.66 ft-kips Q, 1.67

AISC Table 3-12 lists the design strength as ¢,M, =74.6 fi-kips and the allowable
strength as M,/Q, = 49.6 R-kips.

:
l

Because 7, is more than 20% of T, use Eq. 8.16 to determine whether the member is !
satisfactory. With no axial loading, P./P. = 0. For LRFD,

o
—

TpewneT e sty

M, (V.. " 63.32 R-kips (2740 kips _ 120 kips Y
M, \V, T 74.66 ft-kips | 93.17 kips  46.30 ft-kips
=1.15 [>1.00, so no good]

For ASD,

M, (V. T, T 4289 fikips  ((18.5 kips 8.0 fkips
V. T.)  49.67 fikips | 61.99 kips = 30.80 fi-kips
=1.18 [>1.00, so no good]

—

4

o __ &

T —

Because the member is overstressed approximately 15% to 18%, it is not satisfactory.
A greater wall thickness could be used to obtain a satisfactory design while maintaining
the same overall member width and depth.

,_.‘
L

e e,
I g

e

Fim—
|

e



Bolted Connections

Nomenclature

LIS DT A

o mm

wﬁ::éﬁph“*

= b w x o

cross-sectional arca

nominal unthreaded body area of bolt

width

cocflicient

distance of fastencr from center of gravity of fastener group
dead load

cccentricity

horizontal component of eccentricity

stress

required shear stress

strength or stress

nominal tensile stress from AISC Specification Table 3.2

nominal tensile stress modified to include effects of shearing
stress

nominal shear stress from 4/SC Specification Table J3.2
specified minimum tensile strength

specified minimum yield stress

moment of inertia

live load

edge distance (distance from center of hole to edge of material)
minimum edge distance for full bearing strength
moment

number of bolts

force or load

radius of gyration

nominal strength per bolt

resultant force

streagth

bolt spacing

clastic section modulus

thickness

m
in

in

Ibf

in

Ibffin?
{bf/in?
Ibf/in
1bf/in
Ibin?

Ibf/in?
Ibffin®
Ibffin?
in
Ibf

in
in-1bf
Ibf
Ibf

Ibf
Ibf

B



9'2 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL 3SE EXAMS

T lorsional strength

U reduction factor

Ubs reduction coefficient for block shear rupture streagth
x horizontal component of distance

x connection eccentricity

y vertical component of distance

z plastic section modulus

Symbols

@ resistance factor (LRFD)

Q safety factor (ASD)

Subscripts

a required (ASD)

e cffective

g gross

h holes

min minimum

n net or nominal

t tensile or tension

u required (LRFD)

v shear

x x-axis, strong axis, or horizontal component
y y-axis, weak axis, or vertical component
z Z-axis

1. GENERAL

AISC Specification Chap. ] governs the design and use of bolted and welded
connections, joints, and fasteners. Chapter K provides the specifications for
connections to HSS members. The following sections of the AISC Manual arc also

used in the analysis and design of connections,

Part7  Design Considerations for Bolts

Part8  Design Considerations for Welds

Part9  Design of Connecting Elements

Part 10 Design of Simple Shear Connections
Part 11  Design of Flexible Moment Connections

Part 12 Design of Fully Restrained (FR) Moment Connections
Part 13  Design of Bracing Connections and Truss Connections

PPl - www.ppiZpass.com
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BOLTED CONNECTIONS

Up to the end of World War I, rivets were commonly used to join structural steel
members. Afier the war, bolted and welded connections replaced rivets. Bolts are
preferred in field connections because they make crection casier and faster, are less
susceptible to environmental conditions, and preseat fewer quality control issucs.

2. BOLT TYPES AND DESIGNATIONS

The bolts commonly used in structural steel connections conform to ASTM
specifications A325, A490, and F1852. These arc all classified as high-strength bolts.
The allowable tensile strength, F,, is 44 ksi for A325 and F1852 bolts and 54 ksi for
A490 bolts. The F1852 is a twist-off tcasion-control bolt designed to make it easier to
check after installation that the bolt is properly pretensioned.

ASTM A307 bolts, frequently referred to as unfinished bolts, arc not high-strength
bolts. They arc used when a higher strength bolt is not required. The allowable teasile
strength of an A307 bolt is 20 ksi.

The suffix letters after an ASTM bolt designation are not part of the designation itself.
These letters indicate the parameters used in the design of the connection. The suffix N
(as in A325-N) indicates that the threads are included in the shear plane. (Figure 9.1
illustrates connections with single and double shear planes.) When the threads of a bolt
are included in a shear plane, the bolt load capacity is reduced, because the thread
valley reduces the net area of the bolt. The suffix X (as in A490-X) indicates that bolt
threads are excluded from the shear plane. Both the N and X suffixes indicate that the
connection is a bearing type connection. The suffix SC (A325-SC, A490-SC) indicates
a slip-critical connection. Other suffixcs that are occasionally used are ST for soug-
tight and PT for pretensioned, both of which are for bearing conncctions.

Figure 9,1 Diagram of Single and Double Shear Planes

shear plane
[ P 3 /

| 1 i |
r r 7

connection with single shear plane

shear plane
1 P ‘/

i |
L
] ¥ ) \ shear plane

connection with double shear plane

The preferred normal bolt sizes used in structural connections have diameters of ¥/, in,
s in, 1 in, and 1Y, in. Using the same bolt type and diameter throughout a project
simplifics the inventory and quality control procedurcs. Bolt lengths are determined by
the thickness of the plies being joined and whether washers or tension indicators are
required. Bolt lengths vary by '/, in increments up to a 5 in length and by Y, in
increments above 5 in.
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STEEL DESIGM FOR THE CI1VIL PE AND STRUCTURAL SE EXAMS

3. BEARING CONNECTIONS

Bearing connections arc the most common type of bolted connections. A bearing
conncction is generally used wherever a slip-critical or moment conncction is not
required. Simple shcar connections used to connect beam to beam, beam to girder,
beam to column, or girder to columnn arc generally bearing connections.

Bearing connections are the casiest to analyze and design. The AISC Manual contains
numerous tables illustrating standard shear connections and their load capacities. In
designing or analyzing bolted connections, the following items must be checked.

» available shear strength of bolts: singie or double shear planes (4/SC Manual

Table 7-1)

e available tensile strength of bolts (AISC Manual Table 7-2)

* slip-critical connections: available shear strength, when slip is a serviceability
limit state (A/SC Manual Table 7-3)

o slip-critical connections: available shear strength, when slip is a strength limit
state (AISC Manual Table 74)

e available bearing strength at bolt holes: bearing for supporting and supported
elements, based on bolt spacing (4/SC Manual Table 7-5)

4. SLIP-CRITICAL CONNECTIONS

Fully tensioned high-strength bolts (A325, F1852, and A490 bolts) arc used to make
slip-critical connections. Section 16.2 of the AISC Manual, Specification for Structural
Joints Using ASTM A325 or A490 Bolts, requires slip-critical connections when bolts
and welds are used in the same element of a connection and the load is to be distributed
among the bolts and welds. Slip-critical connections arc also required for the supports
of running machinery and other live loads that produce impact loads or reversal of
stresses, as well as for all members camying cranes with a capacity of at least 5 tons.
Secction 4.2 of the Specification for Structural Joints specifies and provides guidance
concerning where slip-critical joints should be used. Generally, these are in ticred
structures that are at least 100 ft high.

The engineering design values for bolts in a slip-critical connection are less than the
values for bolts in a bearing connection with the bolt threads cither included or
excluded from the shear plane. As a result, there will be more bolts in a slip-critical
connection than in a bearing connection with the same design load. If a slip<critical
connection fails, it reverts to being a bearing connection and has a higher overall load
capacity. Finger shims with a total thickness less than or equal to '/, in may be inserted
into a slip-critical connection without any detrimental effect.

5. BOLT HOLES

The diameter of a standard bolt hole is /¢ in larger than the diameter of the bolt.
Oversize, short-slotted, and long-slotted holes are used to assist in the fit-up of steel
or to permit field adjustment of shelf angles and other similar secondary clements.
Refer to AISC Specification Table J3.3 for specific details regarding standard,
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BOLTED CONNECTIONS

oversized, short-slotted, and long-slotted holes. Short- and long-slotted holes should
only be used under the conditions specified in AISC Specification Scc. 13.2.

The distance between centers of standard and oversized holes should be no less than
2%/, times the nominal diameter; a minimum of threc times the nominal diameter is
preferred. Normal practice is to use 3 in centers for bolts with diameters up to | in.

The codes also specify minimum and maximum edge distances (distances from the
ceater of the hole to the edge of the matenial). The minimum edge distance is a function
of nominal bolt diameter and whether the matenal edge is sheared or rolled. Minimum
cdge distances arc given in AISC Specification Table J3.4 and Table J3.5.

The maximum distance to the nearest cdge of parts in contact is 12 times the thickness
of the connected part but not more than 6 in. The maximum longitudinal spacing
between connectors is as follows.

e for painted or unpainted members not subject to corrosion, 24 times the
thickness of the thinner element but not more than 12 in

e for unpainted members of weathering steel subject to atmospheric corrosion,
14 times the thickness of the thinner element but not more than 7 in

6. BLOCK SHEAR RUPTURE

One limit state for bolted connections is block shear rupture, in which shear rupture
occurs along a path of connection holes and a tension failure path occurs perpen-
dicular to the shear rupture path. Figure 9.2 shows examples of block shear rupture
and tension failurc.

Figure 9.2 Examples of Block Shear Rupture and Tension Failure

tension
tension failure path
failure path
fflllllllllllllllllllfff ea
e =
o

3 PLLTLTLETILS LTS S £ AL -
\ shear shear tension

failure path failure path failure path

(a) (b)

To calculate the block shear rupture, use Eq. 9.1 (¢ = 0.75 for LRFD and Q = 2.00 for
ASD).

R, =0.60F 4, +U, F A, <060F A4 +U_F,A, [AISCEq.J4s5] 9.1

When tension stress is uniform, Uy, = 1.0, and when tension stress is nonuniform,
Uss = 0.5. (Sce AISC Commentary Fig. C-J4.2 for examples.)
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7. LAP SPLICE CONNECTIONS

Lap splicc connections are the easiest connections to design, whether the connection is
in tension or compression. The design principles are identical for a two-member lap
splicc (single shear planc) and a three-member lap splice (double shear plane). The
same principles are also used in designing other types of connections.

Example 9.1

Lap Splice Conncction of Two Plates

Two steel plates are connected by a lap splice with six %/, in diameter A325-N bolts as
shown.

|
| 2in
Ao %0

—— o : Eé '_:O_ 90!1 > [ 3jin ——
I 2in

L I I »

0.375in_'_2 i I _{

| i 0.375in
q LY P

I 1

2in 3in 3in 2in

{not to scale}

Scction properties Material properties
plate width =7 in ASTM A36 steel plates
plate thickness = %/ in F, =36 kst
standard hole size F,=58 ksi

Determine the design and allowable strengths of the assembly. Determine the
governing limit state for the connection.

Solution
Calculate the gross cross-sectional area of each plate.
A, =bt
=(7 in)(0.375 in)
=2.63 in’
Use Eq. 4.7 to calculate the area of the holes.
A, =n t(dy, +0.125 in)
=(2)(0.375 in)(0.75 in+0.125 in)
=0.66 in*
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BOLTED CONNECTIONS

Use Eq. 4.6 to calculate the net cross-sectional arca of cach plate.
A=A -4,
=2.63 in* - 0.66 in®
=1.97 in?

Becausc the two plates are in full contact with each other, the reduction factor, U,
is 1.0, and the cffective area and the net area are identical. Calculate the nominal
strength based on the gross section yielding.

L)

T,=AF, =(2.63 inz)(36 ‘::’SJ =94.68 kips

Calculate the design strength (LRFD) and the allowable strength (ASD) based on the
gross section yielding.

LRFD ASD
T, = T, =(0.90)(94.68 kips) r T _ 94.68 kips
=85.21 kips ©Q, 1.67

=56.69 kips

Calculate the nominal strength based on the net section rupture.

kips

i.ﬂz

T, =AF, =(197 in’)(ss J: 114.26 kips

Because all clements in each member arc in contact, 4, = A4,. Calculate the design
strength (LRFD) and the allowable strength (ASD) based on the net section rupture.

LRFD ASD
T, = ¢T, =(0.75)(114.26 kips) 7 _ T, _ 11426 kips
=85.70 kips T 2
=57.13 kips

Calculate the nominal shear capacity of the six bolts. Obtain the avaiiable shear
strength per bolt from AISC Manual Table 7-1 (the bolts are in single shear).

LRFD ASD

¢v’;: = 15.9 klpS/b()lt ;; =10.6 kipS/bOIt

v

kips r kips
. =n(g,r,)=(6bo )( bolt) P '{Q ) (6 bolts)(10.6 bolt)
=95.40 kips

v

=63.60 kips
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STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL 3SE EXAMS

Use AISC Manual Table 7-6 to find the nominal capacity based on the bolts bearing
on the stecl plates. Use F, = 58 ksi and L, 2 L.g4p (2.0 in > l'sf.(, in). AISC Manual
Table 7-6 gives the capacity in units of kips per inch of thickness, so multiply this
by the plate thickness to get the capacity per bolt. Then, multiply by the number
of bolis to get the total capacity.

LRFD ASD
r. =(78.3 —k&) i:(sz.z ——k&)
in thickness Q, in thickness

%(0.375 in) x(0.375 in)
=29.36 kips [per bolt in bearing] =19.58 kips [per bolt in bearing]
kips r kips
P = ={6 bolts}{ 29.36 — = 2. |l= —_—

. =n(gr,)=(6bo )( bolt) P, n(QJ (6 bolts)(l9.58 bolt)
=176.16 kips =117.48 kips

Calculate the nominal resistance to block shear rupture. As shown in the problem
illustration, shear rupture may occur along lines A-B-C-D and E-F-G-H as tension
failure occurs along line A-E. Use Eq. 9.1 to calculate the nominal resistance to block
shear rupture, using a Uy, of 1.0. (See also AISC Specification Fig. C-14.2.)

R, =0.60F, 4, +U,F,A, <0.60F, A +U,F,A4,

Calculate the gross and net areas required for the block shear equation. The gross shear
area is the total length of the shear rupture paths multiplied by the plate thickness.

A, =(2)(3in+3in+2 in)(0.375 in) = 6.00 in?

The net shear area is the gross shear area minus the area of the holes in the path. The
shear rupture paths go through all of holes B, C, F, and G, but only half of holes A and
E, so five holes are counted.
A, =nhht(dm +0.125 in)
=(5)(0.375 in)(O.?S in+0.125 in)
=1.64 in?
A =Ag‘,—A,~ =6.00 in’> —1.64 in?
=4.36 in®

The tension failure path is from the center of hole A to the center of hole E, so it is 3 in
long. The gross tension area is this length multiplied by the plate thickness.

A, =(3in)(0.375 in) =1.125 in’
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vl ]

The net tension area is thc gross tension area minus the arca of the holes in the
. path. The path includes half of hole A and half of hole E, so one hole is counted.

Ay = t(d,, +0.125 in)
: =(1)(0.375 in)(0.75 in+0.125 in)
=0.33 in?
Am = Ag: _'Ah:
i | =1.125in* -0.33 in®
- =0.80 in®
From Eq. 9.1,
[0.60F, 4, +U, F.A,
klps klsz
2 =(0.60 436 in?)+(1)| 58 0.80 in
(0.60)( 58 %22 (436 a7} (1) 58 522 090 i)
it | =198.13 kips
R =4
- "7 ]0.60F A, +U,F,A4,
=(O.60)( k"’s]({soo in )+(1)( klps)(0 80 in?)
113
=176.00 kips [controls]

Calculate the design block shear and the allowable block shear strengths.

LRFD ASD
R, =¢R, =(0.75)(176.00 kips) R R _176.00 kips
=132.00 kips °Q, 2
=88.00 kips

Examine the calculated design strengths.

LRFD ASD
failure mode (kips) (kdps)
gross section yiclding 85.21 56.69
net section fracture 85.710 57.13
single shear on bolts 95.40 63.60
bolt bearing on plates 176.16 117.45
block shear strength 132.00 88.00

For both LRFD and ASD, gross section yielding is the lowest value. Therefore, gross
section yielding is the limiting value for the available strength of the assembly.
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Example 9.2

Lap Splice Counnection of Platc and Angle

A steel angle is fastened to a steel gusset plate with %/, in diameter ASTM A325-X steel

bolts inserted in standard-sizc holes, as shown.

A<y

e s o R
2=
2in 3in Jin 2in 4in
10in (b} section A-A
{a) elevation
I | |
B c D 1.75in
N A——o————o————-(p .
13 125in
i
{c} top elevation
{not to scale)
Section properties Material properties
L3x3x¥in 2,=Z,=148in’ ASTM A36 steel
A=2.11 in® r.=0.581 in angle and plate
L=1,=175n* T=0884in et
S.=5,=0.825 in® plate width =4 in Fu =38 ksi
re=r,=0910in plate thickness = '/, in
Determine the design strength (LRFD) and allowable strength (ASD) of the assembly. 2[
Solution 3

The following possible modes of failure must be evaluated to determine the least value

tensile load at which the assembly will fail.

* gross section yiclding on plate and angle
s net section fracture on plate and angle

e single shear on bolts

e Dbolt bearing on plate

= Dbolt bearing on angle

e shear rupture on plate

e  block shear rupture of angle on line A-B-C-D-E
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BOLTED CONNECTIONS

Calculate the nominal strength of the plate based on the gross section yiclding.

A, me =bt=(41n)(0.5 in)

=2.00 in®
. kips .
T,=F,A4, .. =(36 Ez—)(z.oo in*)
=72.00 kips

Calculate the design strength (LRFD) and the allowable strength (ASD) of the plate
based on the gross section yiclding.

LRFD ASD
T, =T, =(0.90)(72.00 kips) - _ T _72.00 kips
=64.80 kips °Q, 1.67
=43.11 kips

Calculate the nominal strength of the plate based on the net section rupture. Because
the plate is in full contact with the angle, A, puie = Ae piaie-

An.plllc = Ac,plale = Ag,phlc - Ah
=2.00 in” ~(0.875 in){0.50 in)

=1.56 in’
The nominal strength is
) kips
T, =4,,,F, =156 mz)(SS m—,)
=90.48 kips

Calculate the design strength (LRFD) and the allowable strength (ASD) of the plate
based on the net section rupture.

LRFD ASD
T, =¢T, =(0.75)(90.48 kips) 7 =L _ 9048 kips
=67.86 kips 9, 2.00
=45.24 kips

Calculate the nominal strength of the angle based on the gross section yiclding.

inz

T,=F,4 .. =[36 kips)(2.11 in’)

=75.96 kips
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9-12 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

Caiculate the design strength (LRFD) and the allowable strength (ASD) of the angle
based on the gross section yielding.

LRFD ASD
T, =T, =(0.90)(75.96 kips) - T. _ 7596 kips
=68.36 kips ©Q, 1.67

=45.49 kips

Calculate the effective net area. Not all the elements of the angle are in contact with the
steel plate; thercfore shear lag occurs and the net area, 4,, must be multiplied by the
appropriate reduction factor, UJ. AISC Specification Table D3.1, case 8, gives U = 0.60.

From case 2, where L is the length of the connection measured between the centers of
the first and last holes,

U=1-Z
L
_,_088in
6 in
=0.85

It is permissible to usc the larger of the two U-values, so U/ = 0.85 controls.

Arl.mgle = Ag,lugl: ~ 4,
=2.11 in* =(0.875 in)(0.375 in)
=1.78 in’

A poge = Uy g =(0.85){1.78 in?) = 1.51 in®

Calculate the nominal strength of the angle based on the net section rupture.

_ .2 k.ips E
T,= A, ..F =(1.52in )(58 3 ;1.
=88.16 kips
Calculate the design strength (LRFD) and the allowable strength (ASD) based on the [
net section rupture.
LRFD ASD I
T, =¢T, =(0.75)(88.16 kips) T = T =88.16 kips
=66.12 kips T, 2.00
=44.08 kips
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BOLTED CONNECTIONS

Calculate the design strength (LRFD) and the allowable strength (ASD) of the bolts in
single shear. (Refer to AISC Manual Table 7-1.)

LRFD ASD
é,r, =19.9 kips/bolt > =13.3 kips/bolt
Q,
R, =n(9r,) R, _n[ r J
; Q
=(3 bolts)(l9.9 %J 2 "
0 _ kips
=59.70 kips e bons)(u'z' bolt)
=39.90 kips

Calculate the design strength (LRFD) and the allowable strength (ASD) of the bolts
bearing on the plate and on the angle. (Refer to AISC Manual Table 7-5. The bearing
capacity is in kips per inch of thickness.) Because the angle is thinner than the plate, it
is the governing criterion. It is therefore not necessary to calculate the bolt bearing
capacity on the plate, which is '/g in thicker than the angle.

LRFD ASD
kips . r kips .
r.=| 783 ———[(0.375 in 2 =522 ——=2_1(0.375
o [ in thickness]( ) Q, ( in thicknessj( in)
=29.36 kips [per bolt in bearing] =19.58 kips [per bolt in bearing]
4.8, =n(gr,) R, _,{ r J
i Q Q
=3 bolts)(29.36 i‘—pl%) ' :
0 B kips
88,08 kips =(3 bolts)[l9.58 bolt)
=58.74 kips

From Eq. 9.1, the nominal block shear resistance of the angle along the line
A-B-C-Dis

R, =0.60F,4,,+U, F,A, <0.60F A +U,F,A,

Calculate the gross and net areas required for the block shear equation, The gross shear
area is the total length of the shear rupture paths multiplicd by the plate thickness.

A,=(2in+3in+3in)(0.375in)
=3.00 in®

PPl » www.pplZpass.com
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9'14’ STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

The net shear area is the gross shear area minus the area of the holes in the path. The
shear rupture path goes through holes B and C but only half of hole D, so 2.5 holes are
counted.
A,, = Nt (dygy +0.125 in)
=(2.5)(0.375 in)(0.75 in+0.125 in)
=0.82 in’
A,=A,-4,=3.00in’-0.82 in’
=2.18 in®

The tension failure path is from the center of hole D to the point E, so it is 1.25 in long,
The gross tension area is this length multiplied by the plate thickness.

=(1.25 n)(0.375 in) = 0.469 in

The net tension arca is the gross tension area minus the area of the holes in the
path. The path includes half of hole D.

4, =n, t(d,, +0.125 in)
=(0.5)(0.375 in)(0.75 in+0.125 in)
=0.16 in’

A, = Ag[ - 4,
=0.469 in> —0.16 in®
=0.31in®

Using Eq. 9.1, calculate the nominal block shear resistance of the angle along the line
A-B-C-D.

(0.60F, 4 ,+U, F.A,

- (0. 60)( g

kl;ps)(z 18 in’ )+(1)( k"”*)(0 31 in?) |
=93.84 kips

mn
=<
"~ |o.60F, 4, +U, F,4,

=(0. 60)[36 li’n"s)(a 00 in )+(1)[ l“"s)(o 31 in?)

in
=82.78 kips [controls]

=L
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BOLTED CONNECTIONS

Calculatc the design strength (LRFD) and the allowable strength (ASD) resistance to
the block shcar rupture.

LRFD ASD
@R, =(0.75)(82.78 kips) R, _82.78 kips
=62.09 kips Q 2.00
=41.39 kips

Examine the calculated design strengths.

LRFD ASD
failure mode (kips) (kips)
gross section yielding, plate 64.80 43.11
net section rupture, plate 67.86 4524
gross section yielding, angle 68.36 45.49
nct section rupture, anglc 66.12 44.08
bolts in single shear 59.70 39.90
bolts in bearing, angle controls 88.08 58.74
block shear rupture 62.09 41.39

For both LRFD and ASD, the bolts in single shear give the Jowest value. Therefore, the
bolts in single shear give the limiting value for the available strength of the assembly.

8. BRACKET CONNECTION WITH ECCENTRIC SHEAR

Steel plates of varying sizes and thicknesses are often bolted to the face of a column
flange to support a load beyond the toe of the column flange. When a connection is
loaded in this maaner, the bolts are subjected to shear forces resulting from the axial
load as well as shear forces resulting from the rotational moment caused by the
eccentricity of the load. The maximum shear force on a connector is the resuitant of the
shear forces on the x- and y-axes.

There are two common methods used to analyze an eccentric foad placed on a group of
fasteners. The instantaneous center of rotation method is more accurate but more
difficult. The clastic method is simpler, but its results can be excessively conservative.

The Instantaneous Center of Rotation Method

The instantaneous center of rotation method makes use of the fact that the combined
shear forces from the axial load and the rotational moment are equivalent to the force
that would be produced by rotation alone about some point, which must be found. This
point is called the instantaneous center of rotation, and its location depends on where
and in which direction the axial load is applied and on how the bolts arc arranged.
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9-16 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

In this method, the resistance force of cach fastener is assumed to act in a direction that
is perpendicular to a line from the center of the fasteper (o the instantancous center.
The coefficients in Table 7-7 through Table 7-14 in the AISC Manual are for use with
the instantancous center of rotation method. Without these tabulated coefficients, this
method of analysis is an iterative process best performed by a computer.

The Elastic Method

The elastic method of analysis, sometimes called the vector analysis method, is casier
to perform and produces comservative results. However, it does not produce a
consistent safety factor, and results may be excessively conservative,

In this method, it is assumed that each fastener supporis

¢ an cqual share of the vertical component of the load

¢ an equal share of the horizontal component (if any) of the load

¢ a proportional share (depending on the fastener’s distance from the centroid of
the group) of the eccentric momeant portion of the load

Example 9.3
Bracket Connection with Eccentric Load

The plate bracket shown supports a dead load of 5 kips and a live load of 15 kips. The
bracket is secured to a flange of a wide-flange column with six ¥, in diameter ASTM
A325-N bolts as shown. Assume that the bracket plate and column flange are
satisfactory.

%in 3.5in

dead load = 5 kips
oA oD
3in
o8 oE
3in
oC oF

live load = 15 kips
Determine whether the connection is satisfactory to support the given loads.

Solution L
The required force is
LRFD ASD
P =12D+1.6L P=D+L
=(1.2)(5 kips)+(1.6)(15 kips) =5 kips +15 kips
=30 kips =20 kjpS

PPl » www.ppliZpass.com
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BOLTED CONNECTIONS

Calculate the cccentricity from the centroid of the boit group to the load center.,

e =e=5%+3.5 in=6in

x

From AISC Manual Table 7-8, determine the coefficient, C, for the bolt group. The
angle is 0°, the bolt spacing is s = 3 in, the horizontal component of eccentricity is e, =
6 in, and thc number of bolts per vertical row is n = 3. From the table, C = 2.25.
Determine the available shear strength of the bolts using A/SC Manual Table 7-1.

¢,r, =159 kips

=10.6 kips

ol Ry

Determine the minimum required coefficient, Cgy, using the formulas from 4ISC
Manual Table 7-8.

LRFD ASD
c. =B c 2R
A o
_ 30 kaps . Q
15.9 kips =2_°6.‘S‘l_d25_
=1.89 [£2.25,500K] 10.6 kaps
=1.89 [£2.25,500K]

Use the elastic analysis method (vector analysis) to determine whether %, in diameter
A325-N bolts are satisfactory for the bracket connection. Analyze the bracket using the

allowable stress design (ASD) and load and resistance factor design (LRFD) methods.
The eccentricity of the load is

e=§zﬂ+3.s in=6.0 in

Calculate the moment created by the eccentricity.

LRFD ASD
M=Pe M=PFe
=(30 kips)(6 in) =(20 kips)(6 in)
=180 in-kips =120 in-kips

Calculate the sum of the squares of the distances of the bolts in the group from the
center of gravity of the bolt group (this is similar to the polar moment of inertia).
x is the horizontal component of the distance to the center of gravity, which is 2.5 in

for each bolt. y is the vertical component, which is zero for two of the bolts and 3 in for
the others.

PPl » www.ppiZpass.com
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Because d? = x* + 7,
2d =2 xt+2 .y
=(6)(2.5in)* +(4)(3 in)* +(2)(0 in)’
=173.5 in’

Calculate the vertical shear (downward force) on each bolt based on the axial load only.

LRFD ASD
F, F,
Rv =4 & =-2
n n
_ 30 kips _ 20 kips
6 bolts 6 bolts

=5 kips/bolt

=3.33 kips/bolt

Calculate the horizontal shear component on each bolt due to the moment. The force
will be to the right for fasteners A and D and to the left for fasteners C and F. Because
fasteners B and E are at the neutral axis, there will be no force on them due to this

component.

LRFD

ASD

_ My

&_Zf
_ (180 in-kips)(3 in)
- 73.5 in?
=17.35 kips

_ (120 in-kips)(3 in) E
73.5 in®
=4.90 kips i

Calculate the vertical shear component on each bolt due to the moment. The force will
be upward on fasteners A, B, and C and downward on fasteners D, E, and F.

. LRFD ASD
Mx Mx
_ (180 inkips)(2.5 in) _ (120 in-kips)(2.5 in)
73.5 in® - 73.5 in®
=6.12 kips =4.08 kips

The resultant shear force on each bolt can be calculated with

R=JR§+(R,+R,)2
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Calculating the component vector forces shows that the maximum shear force occurs in
bolt D. Calculate the required resistance force at that location.

LRFD ASD
R4=JR3+(Ry+&)2 R4=JR3+(Ry+RV)2
] (7.35 kips)’* (4.90 kips)’
] +(6.12 kips +5 kips)’ +(4.08 kips +3.33 kips)’
=13.33 kips =8.88 kips

From AISC Manual Table 7-1, an ASTM A325-N bolt in single shear has the following
resistance capacitics. For LRFD,

@,r, =159 kips [>13.33 kips, so OK ]
For ASD,

r,[Q, =106 kips [> 8.88 kips, so oK ]

The connection is satisfactory to support the loads.

9. COMBINED SHEAR AND TENSION IN BEARING TYPE CONNECTIONS

Combined shear and tension in bearing type connections is covered in Sec. J3.7 of the
AISC Specification. Section J3.9 covers combined shear and teasion for slip-critical
' ] ! connections and contains different equations from those in Sec. J3.7.

1

i

When the required stress in cither shear or tension is less than or equal to 20% of the
corresponding available stress, the cffects of the combined stress need not be
investigated.

When it is necessary to investigate the effects of combined shear and tensile forces, use

Eq.9.2.
R =F.4, [AISCEq.13-2] 9.2

For LRFD, use Eq. 9.3 with ¢ = 0.75.

F,=13F, —[5;’—) S, <F, [AISCEq.J3-3a] 9.3

For ASD, usc Eq. 9.4 with © = 2.00.

F.=13F, —(K;F"' ] f,£F, [AISCEq.13-3b] 9.4

v

PPl » www.ppi2pass.com
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10. BRACKET CONNECTION WITH SHEAR AND TENSION

Another common type of bracket connection is similar to a seated connection. An angle
is typically bolted to the flange of a column and then a load is applicd to the
outstanding leg of the angle. A variation on this uscs a picce of a WT member bolted to
the column flange. A load is then applicd to the outstanding web of the WT.

The fasteners of these connections are subjected to shear and tension. The design
assumption is that cach fastener supports an equal percentage of the direct shear load,
These connections are usually constructed with pretensioned fasteners (A325, F1823,
or A490 bolts) and the neutral axis is assumed to be at the centroid of the group of
fasteners. Therefore, the tensile force a fastener receives is proportional to its distance
from the neutral axis.

Example 9.4
Bracket Subjected to Shear and Tension

A piece of WT section is bolted to a W column section with two rows of five boits as
shown. The bolts are '/; in diameter ASTM A325-N with the threads in the shear plane.
The bracket supports the dead and live loads shown. Assume the neutral axis is located
at the center of gravity of the bolt group (case Il in AISC Manual Part 7).

Win
c!ead load = 20_kips
Av live load = 55 kips _M_
El 3i 10 02 i
in 3 4 |
il A o||o
7] - fn 50 06 ﬁ
4 sin 7o]|c® -
e 3in %110 g
A _Nr_
(a} side elevation {b} front elevation H
Determine whether the bolts are satisfactory for resisting the combined effects of shear
and tension. SI
Solution §
The total shear load is i]
LRFD ASD
P =12D+1.6L P=D+L i
=(1.2)(20 kips)+(1.6)(55 kips) =20 kips + 55 kips
=112 kips =175 kips E
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Calculatc the shear load per bolt, on the design basis that each bolt receives cqual

shear.
LRFD ASD
P
R - PV :—‘Pi
n n
_ 112 kips _ 75 kips
10 bolts 10 bolts

=11.20 kips/bolt

=7.5 kips/bolt

Calculate the moment created by the eccentricity.

LRFD ASD
M=PFe M=Pe
=(112 kips)(10 in} =(75 kips)(10 in)
=1120 in-kips =750 in-kips

Calculate the shear stress in the bolts. From AISC Manual Table 7-1, the nominal area

of '/y in diameter bolts is 0.601 in.

LRFD ASD
f_i_lllOkips f__P 7.5 kips
" 4, 0601in? "4, 0.601in’
=18.64 ksi =12.48 ksi

From AISC Specification Table J3.2, the nominal shear stress per bolt is 48 ksi. The

available shear strength per bolt is

LRFD ASD
oF,, =(0. 75)( k"’s) 36 ksi F 48 kips
in Zav =00 _ 94 ksj
Q  2.00

1=3 45

=108.23 in*

=(4 bolts)(O 6013 ——](6 in)’ +(4 bolts)(

Calculate the moment of inertia of the group of fasteners.

oy

in? 2
+(2 bolts){ 0.6013 — {01
( o )( bolt)( m)
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Calculate the tensile stress on bolts 1 and 2.

LRFD ASD
) _My (l 120 |n-k1ps)(6 in) I My (750 in- k1ps)(6 in)
L 108.23 in* LR 108.23 in*
=62.09 ksi =41.58 kst

From AISC Specification Table J3.2, the nominal tensile stress per bolt is 90 ksi. The

available tensile strength per bolt is

LRFD ASD

9F, =(0. 75)( '“ps) 6750ksi | o 90 B8
n al — =45.00 ksi
Q 2,00
Calculate the tensile stress on bolts 3 and 4.
LRFD ASD
fo= My (1120 in-kips)(3 in) fo= My (750 in-kips)(3 in)
e 108.23 in* 1 10833 in’

=31.04 ksi =20.77 ksi

Determine whether the combined effects of shear and tension must be investigated. The

shear ratio is

LRFD ASD
kxps lups
A — in* S _ - in’
oF, 16 kips F_m kips
in’ Q in’
=0.52 [>0.20] =0.52 [>0.20]
The tension ratio is
LRFD ASD
klps kjps
f;.u - in? f;,lz in?
oF, kips Ee " 4500 KiDS
~ in® Q in?
=0.92 [>0.20] =092 [>0.20]

PPl « www.ppi2pass.com
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Both the shear and tension ratios exceed 20%. If cither exceeds 20%, the effect of the
combined stresses cannot be neglected. Check the stresses for bearing type connection
with combined shear and tension with the threads included in the shear plane.

LRFD ASD
From Eq. 9.3, From Eqg. 9.4,
g Ffl ’ QF:::
Fm=1'3ﬂr_[ﬁ).ﬁsﬁt Fm:l'3F:u_( F:.,v )LSFw
kips ( kips)
={1.3 — =(1.3
( )( in’ ] ( )\ in’
90 I_“—‘:S " (2. 0)( k’PS]
Ps
- —ln— (18 64 —5 ] _ in
36 KBS in kips
n \ lIl
=70.40 ksi [<90 ksi] Kins
«(12.48 12 )
\ in?
=70.20 ksi {<90ksi]

From Egq. 9.2, the nominal tension resistance capacity is

kips

R =F A= (70 40
lﬂ

J(o 601 in*) =42.31 Kips

The design tension strength is
oR = (0.75)(42.31 kips) =31.73 kips
The tensile load on bolts 1 and 2 is

l(lpS

Sindy = ( J(o 601 in’ ) =37.32 kips

The tension load on a bolt, 37.32 kips, exceeds the design tension strength of a bolt,
31.73 kips. The calculated tensile stress is approximately 17.6% greater than the design
strength. Assuming that the threads of the connectors are excluded from the shear
plane, the calculated stress will be approximately 3.8% greater than that permitted.
Two possible solutions would be to use 1 in diameter bolts or to increase the vertical
spacing between the bolts,

PPl « www.pplZpass.com
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Welded Connections

a

a-

bz~

Nomenclature

ratio of horizontal eccentricity to charactenistic length of weld -

group, e,/!

cross-sectional area in®
width in
width of member in
cffective width of plate as defined in AISC Specification in
Sec. K1.3b

plate width taken perpendicular to connection in
cocfficient from AISC Manual Table 8-8 -
electrode strength coefficient from AISC Manual Table 8-3 -

(1.0 for E70XX)

number of sixteenths of an inch in fillet weld size -
eccentricity in
medulus of elasticity Ibffin’
strength or stress Ibffin®
tensile strength of weld metal Ibf/in?
specified minimum tensile strength Ibfin?
specified minimum yield stress Ibffin?

for a rectangular HSS member, the clear distance between flanges  in
less inside corner radii

overall height of rectangular HSS member measured in place of  in

connection

moment of inertia in*

outside comer radius of HSS member in

ratio of leg lengths in weld group as defined in 4ISC Manual -

Table 8-8

characteristic length of weld group in

length in

bearing length of load measured parallel to axis of HSS member  in

force or tensile strength Ibf
10-1
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Oy chord-stress interaction parameter as defined in AISC
Specification Scc. K2.2

r radius of gyration

R strength or resistance

S clastic section modulus

{ thickness

T tensile strength

u shear lag factor

4 shear strength

w weld size

w width of welded member

x,y connection eccentricity

zZ plastic section modulus

Symbols

B width ratio as defined in AISC Specification Sec, K2.1

) resistance factor (LRFD)

Q safety factor (ASD)

Subscripts

a required (ASD)

borbm  base metal

calc calculated

e effective

g £ross

h holes

max maximum

min minimum

n nominal

P plate

req required

t tensile

u required (LRFD)

v shear

w weld or weld metal

x x-axis, strong axis, or horizontal component

y y-axis, weak axis, or vertical component

PPl » www.ppi2Zpass.com
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WELDED CONNECTIONS 10-3

1. GENERAL

| i Welded connections are used frequently because of their simplicity. They have fewer
parts and weigh less than other connections, particularly when the welding is
IR performed in the shop. Combining shop-welded and field-bolted elements is usually
! g the most economical method. The shop-welded parts of a connection frequently reduce
required bolting clearances for field erection.

A properly designed and executed weld can be stronger than the base metal. The weld’s
design is as important as its execution in achieving a good connection. Improperly
made welds, though they may appear to be good, can be worthless.

| When designing a weld, it is important to specify the type, number, and size of only the
5 welds needed to obtain the necessary strength. Welding in excess of what is needed
increases assembly costs and may reduce the ductility of the connection.

AISC Specification Sec. J1 and Sec. J2 provide the requirements for welded con-
nections. AISC Manual Parts 8, 10, 11, and 12 contain many tables that can help in
designing and analyzing connections.

2. TYPES OF WELDS

Figure 10.1 shows some of the most common weld types and the standard symbols
used to indicate them on drawings.

The fillet weld is the most common and economical weld used in structural steel. Fillet
welds are often used for lightly loaded connections. This type of weld needs little or no
preparation of the material to be joined.

Groove welds are often used for heavier loads because they can be designed to develop
the full strength of the elements being joined. Groove welds are further classified by
the type of joint preparation used to receive the weld. Types of groove welds include
square, bevel, V, ], U, flare bevel, and flare V.

Figure 10.1 Weld Types

—al A

) | - -
b fillet weld square weld
bevel weid V weld
- ‘ =
il U weld
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Plug welds and slot welds are less commonly used than fillet and groove welds. They
arc used primarily to transmit shear in lapped joints and to prevent buckling of
elements in built-up members.

3. WELD ECONOMY

Economy in welding is achieved by using properly designed welds. In general, smaller,
longer welds are more economical than heavier, shorter welds.

The strength of a fillet weld, for example, varies with its size, and yet the volume of
weld metal varies with the square of the weld’s size. This means that a '/; in fillet weld
contains four times the volume of weld metal as a '/, in fillet weld, but is only twice as
strong. What is more, the '/; in fillet weld needs four passes of the rod while the '/, in
fillet weld needs only one, so there is also a significant difference in labor costs.
Table 10.1 gives the number of welding rod passes needed to deposit fillet welds of
some common Sizes.

Table 10.1 Passes Needed to Fonn Fillet Welds

fillet weld size number of
(in) rod passes

*he 1
1 7
sflﬁ
Y
Ly
',
st

3/4

- - N - - e

4. MAXIMUM AND MINIMUM SIZE FILLET WELDS

AISC Specification Sec. ]2 gives the requirements for various types of welds. In
addition, almost all the provisions set forth in the American Welding Society’s
Structural Welding Code—Steel (AWS D1.1} apply to buildings and other structures
that are constructed with structural steel.

The maximum permitted size of a fillet weld along the edge of connected parts is

e for material less than '/, in thick, not greater than the thickness of the material
o for material '/, in thick or more, not greater than the thickness of the material
minus '/ in

ST e

5 o bl R g
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The effective area of a fillet weld is taken as the throat thickness multiplied by
jts effective length. The effective throat thickness is the shortest distance from the
root of the weld to the face surface of the weld. For an equal leg fillet weld, the throat

thickness is the size of the leg multiplied by\E.

The effective length of a fillet weld must be at least four times its nominal size. If
a fillet weld is shorter than this, then the weld’s strength capacity must be reduced pro-
portionately. The minimum permitted sizes of fillet welds are given in Table 10.2.

Table 10.2 Minimum Sizes of Fillet Welds

material thickness . minimum size’
of thinner part joined (in)

up to '/, in (inclusive) 'ty

more than '/, into '/, in Slie

more than '/ in to ¥/, in A

more than %/, in *he

*leg dimension of fillet weld, single-pass weld used
Source: AISC Manual Table J2.4

To prevent overstressing the base material at a fillet weld, the AISC Specification puts
a maximum limit on the size of a fillet weld. The capacity of a linear inch of weld
cannot exceed the allowable tensile strength or shear strength of a linear inch of the
connected part. The following formulas are used to determine the minimum thickness
of the connected element.

Whea the base member is in tension, use

0.707wF,,
| = — 0.1
Fy
When the base member is in shear, use
0.707wF,,
{=——= 10.2
£y

5. INTERMITTENT FILLET WELDS

An intermittent fillet weld can be used to transfer stress across a joint or faying surface
when a continuous fillet weld of the smallest permitted size would provide more
strength than is required. The minimum weld length is four times the weld size but no
less than 1'/; in.

10-5
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|
For built-up tension members, the maximum spacing of intermittent fillet welds is 300 ﬂ
times the radius of gyration of the smaller member being welded (from A4/SC |
Specification Sec. D4).! % |

e

For buiit-up compression members, the maximum spacing of intermittent fillet welds ™
(from AISC Specification Sec. E6.2) is

» to connect two rolled shapes, 24 in

+ when fasteners are not staggered along adjacent gage lines, 0.75/,’5‘/ F times
the thickness of the outside plate or 12 in, whichever is greater

» when fasteners are staggered along adjacent gage lines, 1.12 M times the
thickness of the outside plate or 18 in, whichever is greater

6. WELD STRENGTH

metal, the welding process used, and the weld penetration. Different types of welding
electrodes, or rods, exist to meet the different requirements for strength and the welding

Weld strength is a function of the strength of the base material, the strength of the weld ﬂ
process being used. EI

Shielded metal arc welding (SMAW) is the oldest and most common form of welding
used. SMAW is frequently referred to as manual stick welding. Other welding
processes include submerged arc welding (SAW), gas metal arc welding (GMAW), and
flux core arc welding (FCAW).

The nominal resistance of a weld, R,, is the lowest vaiue of the base metal strength ﬂ
according to the limit states of tensile rupture, shear rupture, and yielding, determined
as follows.

R, =F 4. [AISCEq 12:2] 10.3
R =F,A, [AISCEq.J23] 104

For LRFD, the required strength, R,, must be less than or equal to the design strength,
$R,. For ASD, the required strength, R,, must be less than or equal to the allowable
strength, R,/Q.

The properties that affect the strength of a weld include

m—

e strength of the weld metal
e type of weld
» welding position

= =l

'In the AISC Manual: LRFD, third edition, the maximum spacing of intermittent fillet welds 'Ev'l
was limited to
e for painted or unpainted members not subject to corrosion, 24 times the thickness of
the thinner element or plate or 12 in, whichever is greater 1
e for unpainted members of weathering steel subject to atmospheric corrosion, 14 times §|
the thickness of the thinner element or plate or 7 in, whichever is greater
These criteria are still in use in some places.
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e effective weld size
o effective throat thickness
e relationship of weld metal strength to base metal strength

Use the following tables in the AISC Manual to determine weld strengths.

Table J2.1  Effective Throat of Partial-Joint-Penetration Groove Welds

Table J2.2  Effective Weld Sizes of Flare Groove Welds

Table J2.3  Minimum Effective Throat Thickness of Partial-Joint
Penetration Groove Welds

Table J2.5  Available Strength of Welded Joints

Table J2.5 provides the applicable resistance factors, ¢, and safety factors, €, for the
various types of welds, load type, and direction,

Tension members connected by welds are subject to shear lag effects similar to bolted
connections. Table 4.1, cases 3 and 4, specify the shear lag factor, U, that should be
used to calculate the effective weld strength.

R, s=UFA, 10.5

7. FILLET WELD STRENGTH

The cross-section of a standard fillet weld is a right triangle with equal legs. The
effective throat thickness of the weld is the distance from the heel of the weld (at the
right angle) to the face of the weld, measured in the direction normal to the face.
Occasionally a fillet weld will have unequal legs. Figure 10.2 shows fillet welds with
equal and unequal legs.

The strength of a fillet weld is usually given in pounds per Y¢ in of nominal weld
size per inch of length. The E70 electrode is commonly used for laying fillet welds
on ASTM A36 and ASTM A992 steels and has an available weld stress of 70 ksi.
The limit state is shear rupture through the weld throat. The strength of a fillet weld is

F,=0.60F,, 10.6
The nominal shear strength of a fillet weld is
V,=0707TwF L 10.7

For a weld stress of 70 ksi, then, the nominal shear strength is

V, =0.70TwF,L
=0.707w(0.60F e, ) L

=(0.7o7)(% in)(o.so)(—m %)(1 in)

_ ) per 1/16 in of weld
=1.86 klps [pcr inch of length ]

PPl » www.ppiZpass.com
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Figure 10.2 Equal Leg and Unequal Leg Fillet Welds

effective throat thickness
= (.707 % nominal thickness

A
< \h

l
-

nominal weld size

{a) equal leg fillet weld

effective throat thickness
;\\ shonrrlag
£ ~
L 11 t <
~
longer leg

(b} unequal leg fillet weld

For fillet welds, the resistance factor is ¢ = 0.75 and the safety factor is 2 = 2.00. The
fillet weld strength per sixteenth inch for the E70 electrode, then, is

LRFD ASD
¢V, =(0.75)(1.86 kips) ¥, _1.86 kips
_ . per 1/16 in of weld Q 2
SEE UL [per inch of length ] —0.93 kips [per 1/16 in of weld
SUIOKIPS | et inch of length

For LRFD, the AISC Manual uses a value of 1.392 kips per "4 in per inch of length;
for ASD, it uses a value of 0.928 kips per '/ in per inch of length.

PPl » www.ppiZpass.com
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WELDED CONNECTIONS

Example 10.1
Welded Lap Splice
A welded lap splice connection is shown.

A36 steel plate

S %in thick
N X
-%— Gin| = < 18in
\ L
A36 steel plate
3 in thick
Material properties

ASTM A36 steel
F, =36 ksi
F,= 58 ksi

weld material = E70XX

Determine the weld length required to develop the maximum tensile force of the

assembly for permissible weld sizes between the minimum and maximum size fillet
welds.

Solution

The nominal tensile capacity, P,, is governed by the member with the lesser gross
cross-sectional area. As the plates have the same thickness, the narrower one has the
smaller area.

4 =b1=(6 m)& m)
=3in’

For the tension members, the shear lag factor, U/, is 1.0 because there are no member
elements that are not in contact; therefore, 4, = 4,. (The ratio of weld length to weld
separation, however, may require U < 1.0.) From Eq. 4.2,

F=Fd,=F4,

=(36 l—f"st)(?, in?)

m
=108 kips

PPl » www.ppi2Zpass.com
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Calculate the design strength (LRFD) and the allowable strength (ASD) required for
the welds.

LRFD ASD -
R, =¢P, =(0.90)(108 kips) r B _ 108 kips
=97.20 kips Q167
=64.67 kips

Determine the minimum and maximum allowable weld sizes for '/, in matetial. From
Table 10.2, the minimum fillet weld size for '/, in thick material is %/, in. The material
thickness is greater than '/, in, so the maximum weld size is '/, in less than the materiai
thickness.

Wy =8, ——= I
1. 1
=— in—-—in
2 16
7 .
=—in
16

The permitted weld sizes, then, are 3,6 in through 716 in. Determine the weld resistance
capacity, R,, for each possible weld size by multiplying the number of sixteenths of an
inch by the weld strength. For LRFD, the weld strength is 1.392 kips per /)6 in of weld
per inch of length. For ASD, the weld strength is 0.928 kips per '/,4 in of weld per inch
of length.

LRFD ASD

weld size  weld resistance capacity weld resistance capacity
(in) (kips/in) (kips/in)
s (3X1.392) =4.18 (3)(0.928) =2.78
A (4)(1.392) =5.57 (4)(0.928) = 3.71
he (5X(1.392) = 6.96 (5)(0.928) = 4.64
A (6X(1.392) =8.36 (6)(0.928) = 5.57
e (7)(1.392) =9.74 (7)(0.928) = 6.50

PPl » www.ppiZpass.com
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WELDED CONNECTIONS

Calculate the required weld lengths assuming a shear lag factor, U, of 1.0.

LRFD ASD
weld size L= i L= =
(in) R, s
, 97.20 ::lps e .‘?ﬂ%_ 23.26 in
16 4.18 xips 2.78 =ps
Il'l lll
’ 97. 20kk11ps =17.45 in 64'67_;“9:_ 1743 in
A 5.57 kps 371 =22
Ill m
. 97. ZOSPS =13.97 in _GL::IIPS 13.94 in
16 6.96 B3 4.64 2=
1n lIl
; 9720::11[35_“63[“ g—% 11.61 in
8 836 ._ 5.57 aps
in ln
. 97.20 kkilps —998in &7:“2&_9 95 in
1 9.74 <E 6.50 <22
in 1n

The length of each longitudinal weld should be 0.50 of the total longitudinal length

required. Therefore, the required weld lengths for LRFD or ASD are

weld size  length per side, L
(in) (im)
e 12
s 9
*he 7
Yy 6
"he 5

As mentioned earlier, the ratio of weld length to weld separation may require a shear
lag factor, U, of less than 1.0. From Eq. 4.11, the effective area of a tensile member
with a welded connection is

4,=4U
From Table 4.1, case 4, the shear lag factor, U, is equal to 1.0 only when L > 2w, where
w is the width of the welded member. In this case, 2w = (2)(6 in) = 12 in, so U'is 1.0
only when L is at least 12 in. U is less than 1.0 for lower values of L, so the weld
lengths must be increased for all weld sizes except the /¢ in weld.
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The weld lengths just calculated should be increased by dividing by the appropriate
shear lag factor. When 2w > L > 1.5w (that is, when the length is less than 12 in but at
least 9 in), then U/ = 0.87, and when 1.5w > L > w (that is, when the length is less than
9 in but at least 6 in), then U/ = 0.75.

weld size  length per side, L

(im) (in)
e 12
'V 2 1034
0.87
. .
5 ——=8.05
'“ 0.87
3/3 'L =§
0.75
he 2 __667
0.75
Example 10.2
Angle-to-Plate Welded Connection
A welded lap splice connection is shown. 11
L
Ic 1
weles 1 Z 1.08in :

_f < |6Gin

.
L

\ A36 steel plate

A36 steel angle
4in X 4in X ¢ in thick 3 in thick
Section properties Material properties
LAx4x'/, r.=r,=125in ASTM A36 steel
A=1.94in’ y=x=109in F,=36 ksi
L=I=30in" z,=2,=182i’ F,=58 ksi
S, =S,=1.03 in’ weld material: E70XX

Determine the weld lengths, L, and L, in the illustration, that are needed in order to
develop the full tensile capacity of the angle.
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Solution
The nominal tensile capacity is govermned by the member with the lesser gross area.
P,=F,A

=[36 l;‘;l"f)(l.w in?)

=69.84 kips

Calculate the design strength (LRFD) and the allowable strength (ASD) required for
the welds.

LRFD ASD
R, =¢P, =(0.90)(69.84 kips) R = B, _ 69.84 kips
= 62.86 kips °Q 1.67
=41.82 kips

From Table 10.2, the minimum size fillet weld that can be applied to the '/, in thick
plate is */¢ in. This is also the maximum size weld that can be applied to the toe
because the specification requires that the weld be '/ in less than the leg thickness to
compensate for the radius of the toe of the angle.

Calculate the total required length of a /4 in weid, assuming that the shear lag factor,
U, is 1.0.

LRFD ASD
#P.  (0.90)(69.84 kips) P 69.84 kips
L - L = - S T
R, (3)(1.392 ﬂ’i) L=%= ST—
in (3)(0.928 _—p]
=15.05 in in
=15.02 in

The minimum weld length for a fillet weld is four times the nominal size of the weld;
therefore, the minimum length of a %/ in weld is %/, in. The length of the longitudinal
welds in relation to the transverse distance of 4 in between the welds must also be
considered in order to determine the shear lag factor, U, in accordance with Table 4.1,
case 4.

PPl » www.ppilpass.com
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10-14 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

Calculate the lengths of welds L, and L, so that the centroid of the weld group
coincides with the centroid of the tensile load (welds balanced about the neutral axis).
AISC Specification Sec. J1.7 does not require balanced welds for single or double
angles or similar members with small eccentricities that are statically loaded.

4in-y
= L
. ( 4in J
( - _ .
~(4in-109m l_'ogm)(ls.os in)
\ 41in
=10.95in [use 11 in]
( —
Lz = L)L

\4in

(1.09 in

=\~ ](15.05 in)

\ m

=4.10in [use4in]

Use Table 4.1, case 2, to calculate the shear lag factor, U, for the welded connection

due to the eccentric load.
U=1-X<09
L
=1— 1.09 in
Ilin i
=0.90 [<0.90) §|
Therefore, divide the calculated weld length by U = 0.90 to get the required weld '_ |
length. EI
L. 1lin . .
=—==——=12221in :
b=y =090 1
Lo _4in '
=——=——=444
Lo U 090 gl‘

The required weld length for L, is 13 in. The required weld length for L, is 5 in.

8. WELDED BRACKET WITH ECCENTRIC SHEAR

Two methods are commonly used in designing or analyzing eccentrically loaded
connections, the elastic method and the instantaneous center of rotation method. The
latter is more accurate, but requires an iterative process or the use of design aids such
as the tables in the AISC Manual.

|
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The available strength of a weld group, ¢R, or R,/Q, is determined using ¢ = 0.75 and
Q = 2.00. The nominal strength of the weld group in kips is found with Eq. 10.8.

R, 4ioe =CC DI, [AISC Table 8-8] 10.8

Refer to AISC Manual Table 8-8 to determine the appropriate coefficient, C, for the
eccentrically loaded weld group, and refer to A/SC Manual Table 8-3 to determine
the electrode strength coefficient, C). D is the number of sixteenths of an inch in the
fillet weld size, and ! is the characteristic length of the weld group in inches. (The
formula is not dimensionally consistent.)

The available strength must be no less than the required strength, so

F,<¢R, i
<¢CC,DI [LRFD] '
P
Q 10,10
<ECDL n)
Q

The minimum required value for C, D, or / can be found if the available strength and
the values of the other variables are known. For LRFD,

Cuin = L 10.11
$C,DI
D, = k 10.12
¢CCl
£,
[ =—2 10.13
¢CCD
For ASD,
Con = QF 10.14
C\Di
D, = L7l 10.15
CcCl
QP,
1, =—2 10.16
cC.D

PPl » www.ppiZpass.com
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Example 10.3

Welded Bracket with Eccentric Shear
The steel bracket shown is welded to the face of a column flange. The bracket supports
a 5 kip dead load and a 15 kip live load having an eccentricity of 12 in.

12in

. dead load = 5 kips
¥ live load = 15 kips

center of
12in & gravity of
weld group

\ A36 steel plate

V 4 in thick

ki
Section properties Material properties
plate thickness = '/, in ASTM A36 steel
height =12 in F,=36ksi
F,=58 ksi ;|
weld material: E70XX
Determine the weld size and the horizontal weld length, &/, required to support the '5|
design loads. 3
Solution

AISC Manual Tables 84 through 8-11 provide assistance in designing the eccentric
loads on weld groups. Calculate the required design strengths.

LRFD ASD
R =12D+1.6L R =D+L
=(1.2)(5.0 kips) =5.0 kips +15.0 kips
+(1.6)(15.0 kips) =20.0 kips
=30.0 kips

The maximum size fillet weld that can be used is equal to the thickness of the plate
bracket, !/, in. To meet the code requirements, the minimum size fillet weld that can be
used is '/3 in. With a '/, in fillet weld, the minimum flange thickness is %/, in.
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From the figure, the characteristic length, /, is 12 in. Eccentricity, e;, is also 12 in, so

D, the number of sixteenths of an inch of weld size, is 2, 3, or 4. From AISC Manual
Table 8-3, the electrode strength coefficient, C), is 1.0 for E70XX electrodes. Use
Eq. 10.9 through Eq. 10.16 to calculate the minimum coefficient required, Cgg,.
Determine & and k! from A/SC Manual Table 8-8. For a '/ in weld, D = 2 and the
minimum weld length is 0.5 in.

LRFD ‘ ASD
F, _Qr,
Con = 5C DI Con =D
_ 30.00 kips _ (2.0)(20.0 kips)
(0.75)(1.0}(2)(12 in) T (D(2)(12 in)
=1.67 =1.67

From AISC Manual Table 8-8, with @ = 1.0 and Cpin = 1.67, k = 0.5. Then kI =
(0.5)(12 in) = 6.0 in.

For a */\s in weld, D = 3 and the minimum weld length is 0.75 in.

LRFD ASD
Con = b C.= QF,
¢C\DI C.D

_ 30.0 kips _{2)(20.0 kips)

(075)(1.0)(3)(12 in) = (1)(3)(12 in)
=1.11 =111

From AISC Manual! Table 8-8, with a = 1.0 and Cpiy = 1.11, £ = 0.3. Then i =
(0.3)(12 in) = 3.6 in (use 3.75 in).

Fora '/, in weld, D =4 and the minimum weld length is 1.0 in.

LRFD ASD
C, = L Copn = OF,
¢C,DI GD

_ 30.0 kips _(2)(20.0 kips)

(0.75)(1.0)(4)(12 in) T (1)(4)(12 in)
=0.83 =0.83
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10-18 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

From AISC Manual Table 8-8, with @ = 1.0 and Cpy = 0.83, k = 0.2. Then A/ =
(0.2)(12 in) = 2.4 in (use 2.5 in).

The weld sizes are '/; in, */¢ in, and '/, in. The horizontal lengths to be used are: for a
/g in weld, 6.0 in; for a %, in weld, 3.6 in; for a '/4 in weld, 2.5 in.

9. DESIGN OF HSS AND BOX MEMBER CONNECTIONS l

AISC Specification Chap. K govems the design of HSS and box member connections, )
The chapter is divided into the following sections. L
l'

K1 Concentrated Forces on HSS
K2 HSS-t0-HSS Truss Connections
K3 HSS-to-HSS Moment Connections

The criteria given in these sections apply only when the connection configuration is *{
within certain limits.

e strength: F, < 52 ksi
o ductility: F,/F, <0.8 for HSS

otk
—

There are also other limits for specific situations. l

Different criteria apply to round and rectangular HSS members. Other criteria may
apply as well, depending on whether the load is

o distributed transversely to the axis of the HSS l
o distributed longitudinally along the axis of the HSS and acting perpendicularly

to the axis
e distributed longitudinally along the axis of the HSS and acting parallel to the

axis

In the case of a rectangular HSS member subject to a concentrated load placed across
its longitudinal axis, the design strength, ¢R,, and allowable strength, R, are
determined by calculating the value using three different limit states and taking the
lowest of the three values. The limit states are

¢ local yielding due to uneven load distribution
» shear yielding (punching shear)
¢ sidewall strength

For rectangular HSS members, there are additional limits on when the given criteria
apply.

e 025<B,/B<1.0
e B/t <35 (for the loaded HSS wall)

B is the width of the member, B, is the plate width (measured perpendicular to the
connection), and ¢ is the design wall thickness of the member.
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Local Yielding

For the limit state of local yielding due to uneven load distribution in the loaded plate,
use Eq. 10.17 with ¢ = 0.95 (LRFD) and € = 1.58 (ASD). ¢, is the plate thickness.

10F,1
R = B B,<F_t B, [AISCEq.KI2] 10.17

t

Shear Yielding

For the limit state of shear yielding (punching), use Eq. 10.18 with ¢ = 0.95 (LRFD)
and Q = 1.58 (ASD).

R, =0.6F(2t,+2B_) [AISCEq.KI-3] 10.18

In Eq. 10.18, the effective width of the plate, B, is

108

B,=— < B, [AISC Sec.K1.3b] 10.19

t

The limit state of yielding does not need to be checked if B, > B —2¢ or B, < 0.858.
Sidewall Strength

How to determine sidewall design strength, ¢R,, and allowable strength, R,Q, depends
on whether the sidewall is under tension loading or compression loading. For tension
loading, the available strength is taken as the strength for the sidewall in local yielding.

For compression loading, the available strength is determined by calculating the value
using three limit states and taking the lowest of the resulting values. The limit states to
be considered are

e sidewall local yielding
e sidewall local crippling
e sidewall local buckling

For sidewall local yielding, use Eq. 10.20 with ¢ = 1.00 (LRFD) and Q = 1.50 (ASD).
R, =2Ft(5k+N) [AISCEq K14] 10.20

If the outside corner radius of the HSS, £, is unknown, it may be taken as 1.5¢. N is the
bearing length of the load.

PPl «- www.ppiZpass.com
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For sidewall local crippling in T-connections, use Eq. 10.21 with ¢ = 0.75 (LRFD) and
Q =2.00 (ASD).

R =L.6f [:EZJ,/EF;Q! [AISC Eq. K1-5] 10.21

For sidewall local buckling in cross-connections, use Eq. 10.22 with ¢ = 0.90 (LRFD)
and Q = 1.67 (ASD).

844
R, H 3t

,/EF Q, [AISCEq.K1-6] 10.22

In Eq. 10.21 and Eq. 10.22, the chord-stress interaction parameter, JJ;, is

g, =1 3—%« [AISC Eq. K2-10] 10.23

Example 10.4
Beam Moment Connection to HSS Column
A beam-column moment connection is shown.

As
¥

AJE steel plates
Gin X 9in X+ in thick

As
v

\ AS500 stael column
HSS 10in X 10in X - in thick

T-

10in  9in ‘il

y,’llllllllflfflll

o

\\\\\\\\\\\\\\

10in

7
]
4
7
4
7
z
7~
[
H
A
4
’
%,

SIS IS IS IL IS




WELDED CONNECTIONS

Section propertics Material properties, HSS
HSS10x 10x '/, ASTM A500, grade B steel
t=0.465in F, =46 ksi
A=172i0? F,=58ksi
blt=18.5 Material properties, plate
hit=18.5 ASTM A36 steel
1=256in* F, =36 ksi
S=51.2in’ F,=58ksi
r=386in Beam-plate connection
Z=60.7 in’ 4%/, in diameter ASTM A325X

flat width = 7%, in bolts for each flange

plate thickness = '/, in
plate width =6 in
plate length = 9 in

Determine the weld size to develop plate capacity, and determine whether the column
must be reinforced for the punching shear or web.

Solution

The gross area of the plate is

From Eq. 4.6, the net area is

4, =4 -4,
=3.00 in” - (2 holes) i m)(g in+i in)
2 16 16
=2.13 in®

Use Eq. 4.8 to calculate the effective area. Because all elements are in contact, U is 1.0
(from Table 4.1, case 1).

4,=UA, =(10)(2.13in*)=2.13 in

PPl » www.ppiZpass.com
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Calculate the tensile capacity of the plate for the limit state of yielding on the gross
arca. The nominal tensile capacity is

T,=F,4, =[36 —)(3 in® ) =108.00 kips

The required tensile capacity is

LRFD ASD 1]

i
T, < ¢.T, =(0.90)(108.00 kips) 7 <. _ 108.00 kips J
<97.20 kips g 1.67 { ]
< 64.67 kips %
i

et

Calculate the tensile capacity of the plate for the limit state of rupture on the net
effective area. The nominal tensile capacity is

-

kips

inZ

T,=F,A, :(58 )(2.13 in*) =123.54 kips

The required tensile capacity is

-

LRFD ASD
T, <¢T, r < T _123.54 kips
<(0.75)(123.54 kips) °Q, 2.00
£92.66 kips [controls] $61.77 kips [controls]

Rupture on the net effective area controls. Check the limits of applicability. From
AISC Manual Sec. K 1.2, the limit for strength is Fy < 52 ksi. For the HSS, F, = 46 ksi,
so the strength limit is OK. The limit for ductility is F,/F, < 0.8. For the HSS,

= ="

kips \
46 —E2 3
F s 2 Y
L =—M0_-079 [<08,500K]
F kips
v 58 —
n

e

Therefore, the ductility limit is OK. The limit for the plate width to HSS width ratio,
from AISC Specification Sec. K1.3b, is 0.25 < B,/B < 1.0. For the HSS,

B +
Ze .51 460
B 10in
Therefore, the limit for ratio of plate width to HSS width is OK. The limit for the
width-to-thickness ratio of a loaded HSS wall, from AISC Specification Sec. K1.3b, is
B/t < 35. From the section properties, B/t = 18.5, so this is OK.

PPl + www.ppi2pass.com



WELDED CONNECTIONS 10-23

Compute the nominal strength using Eq. 10.17.

r

(10)[46 klps)(0 465 in)

B,= 18.5 (6in)

10F,¢

N
" =69.37 kips [controls]
kips

F 1B, = ( L ](OSm)(Gin)

=108 kips

Therefore, the nominal strength is OK. Calculate design strength (LRFD) and
allowable strength (ASD).

LRFD ASD
¢R, = (0.95)(69.37 kips) R, 6937 kips
=65.90 kips Q 1.58
=43.91 kips

The limit state for shear yielding (punching) need not be checked if

BP <0858
6in< (0.85)(10 in)
<8.5in

So, shear yielding does not need to be checked. However, use Eq. 10.17 to prove that
sbear yielding does not govem. First, use Eq. 10.19 to calculate the effective limiting
width for shear yielding.

108 10}(6 i
£ =( )(6in) =324 in {controls]
B B 18.5
Tt
B,=85in

Second, use Eq. 10.18 to calculate the resistance to shear yielding.
R, =06F,(2,+28B,)

=(0.6)( klps)(0 456 in)((2)(0.5 in)+(2)(3.24 in))

=94.14 kips

PPl » www.ppl2pass.com



10-24 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

Third, calculate the design strength (LRFD) and the allowable strength (ASD).

LRFD ASD
PR, =(0.95)(94.14 kips) R, 94.14 kips
=89.43 kips Q 1.58
=59.58 kips

Summarize the limit states.

LRFD ASD
limit state (kips) {kips)
tension on gross area of plate 97.20 64.67
tension on net effective area of plate 92.66 61.77
local yielding on HSS wall 65.90 43.91

shear yielding (punching) on HSS wall 89.43 59.58

The local yielding on the HSS wall is the governing limit state, Therefore, as long as
the design tensile load on the plate does not exceed 65.90 kips or the allowable load
does not exceed 43.91 kips, the column does not have to be reinforced.

i
i
i

The plate width is 6 in. Therefore, the weld needed to develop the design strength i
would need to resist 65.90 kips/6 in = 10.98 kips/in. To develop the allowable strength,
the weld would need to resist 59.58 kips/6 in = 9.93 kips/in. i

To obtain the needed weld capacity, a complete penetration weld must be used. The
'/, in plate thickness is insufficient for the application of */s in fillet welds to the top
and bottom surfaces.
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Plate Girders
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] Nomenclature

clear distance between transverse stiffeners

ratio defined in AISC Specification Eq. F4-11, equal to k., /bgty
but no greater than 10

cross-sectional area

gross tension flange area defined in AISC Specification Sec. D3.1

net tension flange area defined in AISC Specification Sec. D3.2
width

distance to extreme fiber

compressive force

lateral-torsional buckling modification factor

web shear coefficient

depth or distance

factor defined in AISC Specification Sec. G3.3 (1.0 for stiffeners in
pairs, 1.8 for single angle stiffeners, 2.4 for single plate stiffeners)

modulus of elasticity

strength or stress

specified minimum tensile strength

specified minimum yield stress

height of web between flanges

distance defined in AISC Specification Sec. B4.2
distance between flange centroids

moment of inertia

factor defined in AJSC Specification Eq. G2-6
distance from outer face of flange to web toe of fillet
coefficient for slender unstiffened elements

web plate buckling coefficient

effective length factor

length

length between braces or braced points

limiting unbraced length for full plastic moment
limiting unbraced length for inelastic lateral-torsional buckling

11-1

[bf/in®
Ibffin®
ibffin®
ibf/in’

B B B B

11 B

B B B F



11"'2 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

flexural strength or moment
aumber of items

length of bearing

concentrated load

statical moment

radius of gyration

effective radius of gyration for lateral bucking
reaction

bending strength reduction factor
elastic section modulus

thickness

tensile force

shear strength or shear stress i
load per unit length 1bf/in al
hole reduction coefficient (1.0 if F,/F, < 0.8, otherwise 1.1) -

NI NNT LRI TROT TR

Symbols - J|J
limiting width-thickness ratio - ‘:'
limiting width-thickness ratio for compactness - %
limiting width-thickness ratio for aoncompactness - :
shear stress Ibf/in? i |
resistance factor (LRFD) = ?I
safety factor (ASD) -

‘h--_hh-h-

o e o

Subscripts

a required (ASD) |
compressive
cr critical

cross  cross-shaped column

D dead load

e elastic critical buckling (Euler)
f flange

fc compression flange

ft tension flange

g gross

gir girder

h horizontal
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PLATE GIRDERS

L live load

max maximum

min minimum

n net or nominal

0 with respect to the origin

rorreq required

s steel

stiff stiffener

u required (LRFD)

v shear

w web

x x-axis, strong axis, or horizontal component
xc about x-axis referred to compression flange
xt about x-axis referred to tension flange

y y-axis, weak axis, or vertical component
ye about y-axis referred to compression flange
1. GENERAL

Plate girders are built-up I-shaped sections that consist of a web member and flanges at
each end of the web. When rolled wide-flange sections will not meet the requirements
of a project, using plate girders may be necessary or more economical.

While they usually are not thought of as plate girders, the columns and frames of pre-
engineered metal buildings are fabricated from plate steel to meet the requirements of
the particular project. These elements are designed in 2 manner similar to plate girders,
using the appropriate sections of AISC Specification Chap. F. Plate girders are either
regular or hybrid. In a regular plate girder, all the steel used has the same yield
strength. The flanges of a hybrid girder have a higher yield strength than the web,
putting higher-strength steel at the point of maximum stress. Both types of girders can
have uniform or tapered web depths.

The AISC Manual no longer places the design specifications for plate girders in a
separate chapter. The flexural requirements for plate girders are specified in AISC
Specification Chap. F. The requirements for shear are covered in Chap. G.

Plate girders may be stiffened (with transverse stiffeners) or unstiffened. (See
Fig. 11.1.) Stiffened plate girders may or may not be designed for tension-field action
to resist the shear. Tension-field actior is not permitted in the design of end panels.
When designing or analyzing rolled sections, the overall depth of the member
(measured between the outside faces of the flanges) is used to resist the shear force. For
plate girders, only the girder web (measured between the inside faces of the flanges) is
used to resist shear.

PPl » www.ppiZpass.com
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11-4 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

Figure 11.1 Unsliffened and Stiffened Plate Girders

{a} unstiffened plate girder

interior panels,
tension-field action permitted

..L..} transverse stiffeners

i
N )
7B~ and panels, tension-fiald — z

action not permitted

{b} stiffened plate girder

2. PLATE GIRDER PROPORTIONING LIMITS

Flange Proportions

The proporticning limits for plate girders are given in AISC Specification Sec. F13. If
there are holes in the tension flange for a bolted splice connection or other attachments,
Sec. F13.1 requires that the limit state for tensile rupture be checked as follows.

o IfF, A, > Y, F,Ag, the limit state of tensile rupture doesn’t apply.
o If F, Ap, < Y, F, Ap, the nominal flexural strength at the holes in the tension
flange is no more than

‘F:rAfn
M =|—|S,  [AISCEq.F13-1] 1.1
A4,

[
Singly symmetrical I-shaped members must satisfy Eq. 11.2.

0.1< % <0.9 [AISCEq. F13-2] 11.2

i 4

1, is the moment of inertia about the y-axis, and I, is the moment of inertia about the
y-axis referred to the compression flange.

Web Proportions

An I-shaped member with a web height-to-thickness ratio A/t, > 5.70,/E[F, is

considered to have a slender web (4ISC Specification Table B4.1, case 9) and must be
designed in accordance with AISC Specification Sec. F3.

PPl » www.pplZpass.com
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PLATE GIRDERS

The web thickness for a plate girder designed under AISC Specification Sec. F5 has an
upper limit of

h

tw <———"E 1.3

5.70 ’—

F}'

For unstiffened girders,
h

1—5260 [AISC Sec. F13.2] 11.4
A <10 [AISC Sec. F13.2] 11.5

(]

I-shaped members with slender webs must also satisfy the following limits, where a is
the clear distance between transverse stiffeners, and 4 is the height of the web between

flanges.
Fora/h < 1.5,
Ll 117 | £ [AISC Eq. F13-3] 11.6
t“" max ‘F}'
Fora/h> 1.5,
GG {AISC Eq. F134] 1.7
t“’ 'F:}‘

The available shear strength in the girder web is a function of the a/h ratio. The
following tables in the AISC Manual may be used to determine the available shear
strength in the web, ¢V,/4,, (LRFD) or V,/QA4,, (ASD).

Table 3-16a (F, = 36 ksi, tension field action not included)
Table 3-16b (F, = 36 ksi, tension field action included)
Table 3-17a (F, = 50 ksi, tension field action not included)
Table 3-17b (F, = 50 ksi, tension field action included)

3. FLEXURAL STRENGTH

Plate girders are doubly or singly symmetric I-shaped members with slender webs, so
the flexural design of plate girders is governed by AISC Specification Sec. F5 and the
following equations. The nominal flexural strength, M,, must be calculated separately
for up to four different limit states: compression flange yielding, lateral-torsional
buckling, compression flange local buckling, and tension flange yielding. (Not every
limit state is applicable in every case.) The lowest of the resulting values governs.

PPl » www.ppiZpass.com
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STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

For the limit state of compression flange yielding, use Eq. 11.8.

M,=R,F,S, [ASCEq Fs5-] 11.8
For the limit state of lateral-torsional buckling, use Eq. 11.9.

M,=R,_F.S, [AISCEq Fs52] 11.9

In Eq. 11.8 and Eq. 11.9, R, is the bending strength reduction factor and is equal to

R o=i—|— %= i-—5.7‘ L3 <1.0 [AISC Eq. F5-6] 11.10
& 1200+300a, | ¢, F |7

In Eq. 11.10,

a,= %s 10 [AISC Eq. F4-11 and Sec. F5.2} 1.11
fc' fc

Two formulas are used in different circumstances to determine the value of the critical
stress, Fe, in Eq. 11.9. To determine which of these formulas should be used, compare
the length between braces or braced points, L,, with the values of L, and L, as defined
in Eq. 11.12 and 11.13.

E
L,=Llr, |— [AISCEq F47] 11.12
¥
E
L =nr, ’ [AISC Eq. F5-5] 11.13
0.7Fy

In Eq. 11.12 and Eq. 11.13, r, is the effective radius of gyration for lateral buckling and
is equal to

b,
1= —————f [ AISC Eq. F4-10] 11.14

o (%))

a,, is defined as in Eq. 11.11.

Depending on how L, compares with L, and L,, use either Eq. 11.15 or Eq. 11.16 to
determine F.

e When L, < L, the limit state of lateral-torsional buckling does not apply.
e When L, < L, < L, the critical stress is

Lg P

L—L
F =G| F,-03F)\~ LP <F, [AISCEq.Fs53] 11.15
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PLATE GIRDERS

e Whenl,>L,

C,TE
F, =—f——<F, [AISCEq.F54] 11.16
L
rn
In Eq. 11.16, r, is defined as in Eq. 11.14.
For the limit state of compression flange local bending, use Eq. 11.17.
M, =R,_F_.S, [AISCEq.F57] 11.17

Two formulas are used in different circumstances to determine the value of F in
Eq. 11.17, depending on whether the flanges are noncompact or slender.

e If the section has compact flanges, the limit state of compression flange local
buckling doesn’t apply.
e [f the flange section is noncompact, then

A=A,

F,.=|F,-03F,| ——2-[| [AISCEq, F5-8] 11.18
'q"f ~ Ay

In Eq. 11.18, A,y and A, are equal to i, and A, respectively, from AISC

Specification Table B4.1 as applied to the flange. 4 is

b
A=—F [AISC Sec. F5.2] 11.19
2,

+ If the flange section is slender, then
F = 0.9Ek§
2t )
In Eq. 11.20, &, is the coefficient for slender unstiffened elements and is
defined as

[AISC Eq. F5-9] 11.20

4
k = = [035<k, <0.76] [AISC Sec. F5.3] 11.21

t

For tension flange yielding, use Eq. 11.22.

M, =F,S, [AISCEq.Fs5-10] 11.22
Equation 11.22 should be used only when S, < §,.. When S, > S, the limit state of
tension flange yielding doesn’t apply.

PPl - www.ppi2Zpass.com
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11-8 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

4. SHEAR STRENGTH

Whether a plate girder will be unstiffened or stiffened must be decided in the early
design stages. Using stiffeners reduces the total stecl weight but increases fabrication
costs. Visual aspects and long-term maintenance costs must also be considered.

If h/t,, > 260, transverse stiffeners are required.

Once the decision has been made to use a stiffened girder, further economies can be
gained by using tension-field action when the web plate is supported on all four sides
by the flanges and stiffeners. However, the use of tension-field action is not permitted

Tension-Field Action Prohibited

When tension-field action cannot be used, the nominal shear strength, ¥, is determined
by Eq. 11.23 with ¢ = 0.90 (LRFD) or Q = 1.67 (ASD).

The value of the web shear coefficient, C,, depends on the height-to-thickness ratio.

for end panels in all members with transverse stiffeners
for a member for which a/h > 3.0 or alh > (260/(h/f))*
where 24,/{A + Ap) > 2.5

where #/by. > 6.0 or h/bp > 6.0

V,=0.6F,AC, [AISCEq.G2-]] 11.23

If hit, < 1.10,fk,E/F,, then

C,=1.0 [AISCEq.G2-3] 11.24
If 1.10, /k,E/Fy < hit, < 1.37, /k,E/Fy , then
1.10 kE
C,= —-’-,—’ [AISC Eq. G24] 1125 4
.

If 1.37, /kvE/Fy > hit,, then

C= I‘SIfk" [AISC Eq. G2-5] 11.26

a1 e

o R T
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PLATE GIRDERS
In Eq. 11.24 through Eq. 11.26, £, is the web plate buckling coefficient and is equal to
5.0 for

» unstiffened webs with A/t,, <260
o stiffened webs when a/h > 3.0 or a/h > (260/(hif))*

For other stiffened webs,

k,=5+——[AISC Sec. G2.1] 11.27

o
h
Tension-Field Action Permitted

When tension-field action is permitted, the following formulas are used to determine
the nominal shear strength, with ¢ = 0.90 (LRFD) and Q = 1.67 (ASD).

o Ifhit,<1.10,/k,E/F,, then

V,=0.60F A4, [AISCEq.G3-1] 11.28

o Ifhit,> 1.10,{1:,5/}3, then

V,=(0.60F,4,) Cﬁ—i [AISC Eq. G3-2] 11.20

Transverse Stiffeners Without Tension-Field Action
Transverse stiffeners are not required when Aft, < 2.46 E/ F,,or when the required
shear strength (see Eq. 11.23) is less than or equal to the available shear strength.

When transverse stiffeners are used, they must have a minimum moment of inertia as
determined by Eq. 11.30. When stiffeners are used in pairs, this moment of inertia is
taken about an axis in the web center; when single stiffeners are used, the moment of
inertia is taken about the face of the web plate.

Io=at)j 11.30
In Eq. 11.30, the factor 5 is

j= 2'52 —220.5 [AISCEq. G26] 11.31

a
h

PPl » www.ppiZpass.com
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STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

Transverse stiffeners can be terminated short of the tension flange as long as bearing
is not needed to transmit a concentrated load. Stiffener-to-web welds should be
terminated at a distance between 4¢, and 6¢, from the near toe of the web-to-flange
weld.

When single stiffeners are used, they should be attached to the compression flange. If
intermittent fillet welds are used, the clear distance between the welds should not be
more than 16¢,, and not more than 10 in.

Transverse Stiffeners with Tension-Field Action

Transverse stiffeners with tension-field action must meet the above requirements for
stiffeners without tension-field action and the following requirements as well.

(EJ 50.56’ £ [A1sC Eq. G3-3(1)] 11.32
t ) urr F st

0.15D At (l—C)
A‘ >( F; ] 2w v
tifF Fy.lﬁﬂ'

20 |AISCEq.G3-3(2 11.33
x[z’-J—ISti [ (2]
The factor D, equals 1.0 for stiffeners in pairs, 1.8 for single angle stiffeners, and 2.4
for single plate stiffeners. The web shear coefficient, C,, is calculated as in Eq. 11.24
through Eq. 11.26. Vo is the required shear strength at the location of the stiffener, and
V. is the available shear strength.

Example 11.1
Plate Girder Design

Design a plate steel girder to support the loads and geometry shown. Each concentrated
load consists of a dead load of 60 kips and a live load of 120 kips. The uniform load
consists of a dead load of 0.6 kip/ft and a live load of 1.2 kips/ft.

60 ft
1Bft  15ft  15ft 15
25in * * *
A B C D E
760} 71 in
25in {not to scale)
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Section properties
total depth =76 in
web depth=71in

girder braced at both ends and at
concentrated loads

Solution

PLATE GIRDERS

Material properties

all plate steel, F, = 50 ksi

Combine the dead and live loads to simplify the calculations.

LRFD ASD
w, =1.2w, +1.6w, w,=wy+w,
=(1.2)[o 60 k‘pj =060 MP | g0 XS
ft ft
=1.80 kips/ft
+(1 6)(1 20 k’ps)
ft
=2.64 kips/ft
P =1.2F,+1.6F, P =P +F
2 1 ={1.2)(60 kips) = 60 kips +120 kips
I +(1.6)(120 kips) =180 kips
' =264 kips

to the sum of the loads divided by two.

Calculate the end reactions at points A and E. By symmetry, R, = Rg, so each is equal

LRFD ASD
R, =R, =>htwl R, =R, =fetwl
2 2
(3)(264 kips) (3)(180 kips)
(2 64 1“"SJ(cso ft) [1 80 kl"SJ(ﬁo ft)
= ﬁ = ﬁ
2 2
= 475.20 kips =324.00 kips

PPl « www.ppi2pasas.com
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Find the bending moments at concentrated loads B and D. By symmetry, M = Mp.

STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

LRFD

ASD

2
M, =M, = R, L,y —ean

=(475.20 kips)(15 ft)

_[2 64 k‘é’*”)(ls ft)’

w.Lin
2
=(324.00 kips)(15 ft)

_(1 80 k’é”)(ls fr)*

My=M;=R,L,5—

2 2
= 6831 ft-kips =4657.50 ft-kips
Calculate the bending moment at the concentrated load C.
LRFD ASD
=(475.20 kips)(30 ft) M =(324.00 kips)(30 ft)
~ (264 kips) (15 ) — (180 kips)(15 ft)
(2.64 l“"’*](30 ft)’ (1.80 %](30 ft)’
- 2 - 2
=9108 ft-kips =6210 fi-kips

Calculate the upper and lower shear values at the concentrated loads B and C.

LRFD ASD
VB,W =R, -w/L,; VB.W =R, —w,L,g
=475.20 kips =324.00 kips
[2 64 ‘“&’S)(ls ft) (1 80 l“"’*)(15 fi)
=435.60 kips =297.00 kips

VB,lowu’ V P::,B
2= 435.60 kips — 264 kips

Vo sower = VB.uppcr - R:.B
=297.00 kips - 180 kips

=171.60 kips =117 kips
Ve wopar = Vajower = Walnc Veupoer = Voower = Walne
=171.60 kips =117 kips
[2 64 k‘é’s)(ls ft) (1 8 kll’s](ls ft)
=132 kips =90 kips

PPL » www.ppiZpass.com
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PLATE GIRDERS

LRFD ASD
VC.lowu' = VC,I.q:per N R.r,C V C,Jower o VC.upper - Pa.C
=132 kips— 264 kips =90 kips—180 kips
=—132 kips ==90 kips

Calculate the governing h/t,, ratios. For unstiffened girders, use Eq. 11.4.

i'5260

h
twrl:li.n = oz
' 260
_7lin
260
=0.27 in

For stiffened girders with afk <1.5, use Eq. 11.6.

(4.

_ A

tw.mi.n = I
1.7 fﬁ
£,

71in

29,000 B3

=2
(1.7 |——0—
solf’—l’f
n

=0.251n

For stiffened girders with a/h > 1.5, use Eq. 11.7.

[ h J _042E
t‘“ max FJ’
hF,

by i =—
v " 0.42F
(71 in)(SO ?n"f)

kips
(0.42) [29,000 F)

=0.29 in

PPl » www.ppiZpass.com
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Use Eq. 11.3 to determine the maximum web thickness allowable for the slender web

member.
h 71 in
E E ki
5.70 ’— 29,000 ~—5°
F, 570 — i
50 —P
in
The web thickness must be

0.25in<¢,<0.521in

Trya:‘!gx 71 in the web.

A,=th
=(0.375 in){71n)
=26.625 in’

Calculate the moment of inertia of the web.

3
L= th
12
_ (0375 in)(71 in)’
- 12

=11,184.72 in*

=0.52 in

Determine the approximate flange area required based on the tension flange yielding.
This does not consider the flexural contribution of the web and is therefore a
conservative approach. Assume a flange thickness of 2.5 in.

LRFD

ASD

d d

L3 a

(9108 ft—lcips)[lZ %J

(6210 ft—kips)(lz %)

71in+2.5in 71in+2.5 in
=1487 kips =1014 kips
. 1; __ 1487 ki;;; 4 L0, _ (1014 ki;]::i)(l.67)
ok, (0.90)(50 m"f) F, 50 =&
=33.04 in® =33.87 in*

PPIL » www.ppiZpass.com
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Determine the approximate width of the flange.

LRFD ASD
b _ 4, _33.04in’ p oA 3387 in’
77, 25in 7y, 25in
=13.22in [use!5in] =13.55in [use15in]

A 14 in wide flange could be used, but then the stiffeners would have to be
significantly thicker to meet the required value for moment of inertia. A slightly thicker
flange is a more economical choice overall.

Use AISC Specification Table B4.1, case 2, to check the flange for compactness.

A,=038 ’ﬁ
FJ"

=0.38

=90.15
i_ 15 in
2t, (2)(2.5in)

=3 |:< A, 50 compact]
The flanges are compact. Calculate the moment of inertia of the two flanges.

1,=2(1,+4,d%)

=2[31’;—3+bhd2]
=(2)[(15 i“)g"s ), (15 in)(25 in)(%-z'—sziﬂj ]
=101,331 in*

Add the moments of inertia for the web and the flanges to get the moment of inertia for
the entire girder.

I, =1I,+1,=11185in"+101331in* =112,516 in*

PPl » www.ppiZpass.com
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11-16 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

Calculate the section moduli for the tension and compression flanges. When a plate
girder is not doubly symmetrical, these must be calculated separately. In this case, the
section is doubly symmetrical, so the section moduli for the two flanges are equal.

S,=8, =ds
c
112,516 in*
~7 76in
2
=2961 in’®

Calculate the bending strength reduction factor, R,,. First, use Eq. 11.11 to find a,,.
ht, (71 in)(0.375 in)
a, <{bt.  (15in)(25in)
10

=0.71 [controls]

Use this value in Eq. 11.10 to find R,,.

o — 8 WA _s4]E
1200+300a, )\ 1, F,

R,<|  =1- 0.71 in
1200+(300)(0.71) )| 0375 in

=0.97 [controls} i
1.0 3

Use Eq. 11.8 to calculate the compression flange yielding strength.
M, =R, FS,

(0.97)(50 %](2961 in’)
2

-

n
ft

=11,967 fi-kips

PPl » www.ppiZpass.com
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Use Eq. 11.14 to calculate the cffective radius of gyration for lateral-torsional
buckling.

- b
J5(5E)
B 15 in
Joo( 22 () e )

=4.18 in

Use Eq. 11.12 and Eq. 11.13 to calculate L, and L,.

L =Llly, 3
\JF,»
29,000

(1.1)(4.18 in) |———i0*

1222
ft

kxps

] \ (0.7)[50 F‘ps)

in

=31.50 &t

Ly =15 f, so L, < Ly < L, and lateral-torsional buckling applies.

PPl » www.ppiZpass.com
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11-18 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

Calculate the lateral-torsional buckling strength. First, use Eq. 11.15 to compute the
critical stress. Take the value of C,, conservatively as 1.0.

' L-L, =
c,| F,-03F, | t—= |
L=L ]

Fo 55 =(1.0)| 50 lf‘pzs —(0.3)(50 k’ﬂs)( 158-9231 ] M
in in 31.50 ft-9.23 ft )
=46.11ksi [controls]
F} = 50 ksi L
From Eq. 11.9, the strength in resistance to lateral-torsional buckling is -
|
M, =R _F.S,
kips e 8
0.97)| 46.11 2961 8 |
_( )( in® )( ') N
122
ft %

=11,036 fi-kips

Because the flanges are compact, the limit state of flange local buckling does not apply. _
Because S, = S,., the limit state of tension yielding does not apply. 1

The following summarizes the flexural strengths. The required flexural strength is

LRFD ASD
M, =9108 fi-kips M_=6210 fi-kips ]
For compression flange yielding, M, = 11,967 ft-kips, and the available flexural
strength is
LRFD ASD
oM, =(0.90)(11,967 fr-kips) M, _ 11,967 fikips
=10,770 fi-kips Q 1.67
[2 M, 50 0K] =7166 fi-kips
[zM 41 SO 0K]
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For lateral-torsional buckling, M, = 11,036 ft-kips, and the available flexural
strength is

LRFD ASD
#M,, =(0.90)(11,036 ft-kips) M, _ 11,036 fi-kips
=9932.4 fi-kips [2M,,s00K] | 1.67
=6608.4 fi-kips [2 M, so OK]

Compression flange buckling and tension flange yielding are not applicable limit states.
Bearing Stiffeners

Determine whether bearing stiffeners are required beneath the concentrated loads,
P, = 264 kips and P, = 180 kips. First, use Eq. 6.4 to determine the web local yielding

strength.
R, =(5k+N)F,t,

={(5)(2.5in)+0 in)[SO lf"'“f‘)(oo..ws in)
m

=234.38 kips

LRFD ASD

R, <gR, x <P
264 kips < (1.00)(234.38 kips) ©Q .
<23438 kips [not OK] 180 kips 5-23%
<156.25 kips [not OK]

A stiffener is required. Determine the web crippling strength using Eq. 6.6.

R, =(0.80r5){1+3[% )(% }u] %,_

=(0.80)(0.375 m)’[1+(3)( 0in )(0.375 in)uJ

76 )\ 2.5
(29,000 lf‘—'f)(so 'f‘—‘f](z.s in)
x 1n m
0.375in
=350 kips

PPl » www.ppiZpass.com
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11'20 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

LRFD ASD 4
=
R, <0k, R<X & |
264 kips <(0.75)(350 kips) Q el
<263 kips [not OK] 180 kips < 220 KPS g
2.00 i)
<175 kips [not OK]

Bearing stiffeners are required at the concentrated loads (P, = 264 kips and R, =
180 kips) to prevent web local yielding. Because the reactions at the ends of the girder
(R, = 475.20 kips and R, = 324.00 kips) are of a greater magnitude, bearing stiffeners
will also be required at those locations. (The bearing stiffencers will be designed in
Ex. 112}

Transverse Shear Stiffeners i

Determine whether stiffeners will be required for shear resistance. First, check the web
height-to-thickness ratio (see Sec. 11.4).

Al e A

abeip iy

h_ l‘-’—]_— =189.33 [<260]
t, 0375m i

w

hit, < 260, so the web plate buckling coefficient is &, = 5. Determine whether |
Eq. 11.24, Eq. 11.25, or Eq. 11.26 is the applicable formula for the web shear i,

3
coefficient, C,. ’|1
— (5)(29,000 ‘f‘pf') |
1.37 f"—=(1.37) e ‘
£ 50 ~B° 4
in |
=73.78 [<hft,, souseEq. 11.26]
From Eq. 11.26, the web shear coefficient is I
C = 1.51Ek,

v h—z

Pk
For stiffened webs, the web plate buckling coefficient is £, = 5.0 when a/h > 3.0 and in
other cases is determined by Eq. 11.27.

5

(&)

k,=5+

..
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As the spacing between transverse stiffeners, a, is not yet established, &, cannot yet
be determined, but a tentative value must be used. An easy place to start is by assuming
that a/h> 3.0 and &, = 5.0.

¢ < 1515k,
h
()
(1.51)(29 000 kl“'s](s.o)

(189.33)° [50 k"’s)

=0.12

Determine the nominal shear strength using Eq.11.23.

A,=ht,=(71in)(0.375 in)

=26.625 in’
V,=0.6F,A4,C,
- (0.6)( k;ps](zs 625 in”)(0.12)
=95.85 kips
LRFD ASD
v, <e, v <
475.20 kips < (0.90)(95.85 kips) T Q,
<8627 kips [n0tOK] | 32400 kips < if-‘;;dj
557.46 kips [not OK]

Stiffeners are required. Use AISC Manual Table 3-17a to determine the location of the
first stiffener (tension field action is not permitted in end panels).

ti= 189.33 [use 190]

w

LRFD ASD

V. ¥, 47520 kips Y, ¥ _324.00 kips
T4, 26625 in? Q.4, A, 26.625in’
=17.85 ksi =12.17 ksi

PPl «- www.ppiZpass.com
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From AISC Manual Table 3-17a, for both LRFD and ASD, a/h = 0.40. Therefore, a
stiffener is required at a maximum of a = 0.4k = (0.4)(71 in) = 28.4 in; use 28 in. Use
AISC Manual Table 3-17b to determine the location of successive interior stiffeners,
First, determine the shear at 28 in (2.33 ft) from the end.

LRFD ASD
Vizna=Voa-w, (233 ) Vorsna =Vaoa —w, (233 ft)
=475.20 kips =324.00 kipS
[2 64 k“’s)(z.n ) (1 80 lc"’s)(2.33 ft)
f R
= 469.05 kips =319.81 kips

Determine the shear strength of the end panel.

a 28in

—=—2={0.39
h 7lin

alh < 3.0, so use Eq. 11.27 to find the web plate buckling coefficient.
5
2
4
9
5

t—
(0.39)
=37.87

k,=5+

Use Eq. 11.26 to find the web shear coefficient.

N
(25
(1.51)( k‘psj(w 87)
) (189.33)° [so k’ps)
=0.93

PPl » www.pplZpass.com
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PLATE GIRDERS

Determine the nominal shear strength using Eq. 11.23.

V,=0.6F,AC,

=(O.60)(50 l::;s)(ZG.GZS in?)(0.93)

=742.84 kips

LRFD ASD
V.oV, y <Va
475.20 kips <(0.90)(742.84 kips) ©Q,
<668.56 kips [s0OK] | 374 00 kips < 742.18;7kips
< 444.él kips [s0 OK]

Determine the location of the first interior stiffener using AISC Manual Table 3-17b.

:i= 189.33 [use 190]

w

LRFD ASD
oY, _V. v, _V.
4, Q,4,
_469.05 kips _ 319.81 kips
26.625 in® 26.625 in’
=17.62 ksi =12.01 ksi

From AISC Manual Table 3-17a, a/h = 1.10. Therefore, the first interior stiffener is

required at a maximum of a= 1,104 =(1.10)(71 in) = 78.10 in.

The distance from the end of the girder to the concentrated load is 180 in, and the
distance from the end of the girder to the first stiffener is 28 in, so there is 152 in
between the first stiffener and the bearing stiffener beneath the concentrated load. If the
first interior stiffener were placed at the maximum of 78 in from the first stiffener,
there would be 74 in between the first interior stiffener and the bearing stiffener. It is
better, both for aesthetics and to more evealy distribute the shear load, to make two

equal panels by placing the first interior stiffener at 76 in.

Determine the shear strength of the first interior panel.

a_Iom o7
h Tlin

PPl » www.ppiZpass.com
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alh < 3.0, so use Eq. 11.27 to find the web plate buckling coefficient.

B
5

(1.07)

=9.37

k,=5+

=5+

Use Eq. 11.26 to find the web shear coefficient.
_ LS1EE,

(L 51)(29000 l“"S)(9 37)
(189.33) ( "‘F’S]

=0.23

Tension field action is permitted, so use Eq. 11.29 to determine the available nominal
shear strength.

1-C

v

V,=0.60F,4,| C, + ——=—x
1.15 1+[ﬂ)
\J h

=(o. 60)(50 '“ps)(ze 625 in?)| 0.23+ — =02 -
1.15y1+(1.07)
=548.89 kips
LRFD ASD
v, <47, v <L
469.05 kips < (0.90)(548.89 kips) Q,

548.89 kips
1.67
<328.68 kips [s0 OK]

<494.00 kips [so OK] 319.81 kips <

Stiffeners are not required for the first interior panel.
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PLATE GIRDERS 11-25

Determine whether stiffeners are required in the panels between the concentrated loads.

a 180 in

= —=2.54
h 7lin

alh < 3.0, 5o use Eq. 11.27 to find the web plate buckling coefficient.

> =5+—5—=5.78

[%)’ (2.54)°

Use Eq. 11.26 to find the web shear coefficient.

k,=5+

_ L51Ek,

v h 2
[
kips

(1.51)[29,000 Ez—)(s.'is)

kips
(189.33)2(50 m‘i)

=0.14

Use Eq. 11.29 to determine the available nominal shear strength.

¥, =0.60F, 4, C, +— e
1.15 1+(3)
\} h
=(0.60)(50 lfl—pf)(zﬁ.ezs in*)| 0.14+ 1-0.14 -
n 115y/1+(2.54)
=1330.64 kips
LRFD )
V.<oV, v < v,
171.6 kips <(0.90)(330.64 kips) Q,
<297.58 kips [so OK] 117 kips < 330.64 kips
1.67
<197.99 kips [so OK]

Stiffeners are not required for the panels between the concentrated loads.
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The following summarizes the shear strengths.

LRFD ASD
At the ends of the girder, At the ends of the girder,
V;l S ¢VV" Va S p:l
475.20 kips < 668.55 kips :

324.00 kips < 444.81 kips

For end panel stiffeners 28 in from the
ends of the girder,

V.<oV,
469.05 kips < 494.00 kips

For end panel stiffeners 28 in from the
ends of the girder,

v, <ts
Q

v

319.81 kips <328.68 kips

For first interior panel stiffeners 104 in
from the ends of the girder,

v.soV,
452.31 kips < 494.00 kips

For first interior panel stiffeners 104 in
from the ends of the girder,

VSV"
T Q

v

308.39 kips < 328.68 kips

The available shear capacities of the end pancl and first interior panel stiffeners are
identical because their panel aspect ratios, a/h, and web height-to-thickness ratios, 4/f,,

are the same.

The locations of the stiffeners and the shear diagram for the stiffened girder (with

factored shear loads) are shown here.

60 ft

180in . 1B0in

15t = 15ft= 15ft = 15ft=

180in ., 180in

!

P

28in-—1%/1

76in 761n

171.6 kips

435.5 kips

132 kips

=132 kips

{not to scale}
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Transverse Stiffener Design

Calculate the maximum stiffener width.

b, —t,
2
_15in-0.375in
- 2
=731in {use7.0in]

b =

Use Eq. 11.32 to calculate the width thickness ratio for the stiffener.

g

<£13.49
I Using Eq. 11.33, calculate the minimum area of steel required for the first ‘transverse
stiffener.
( F
{ x J[(O.ISD,htw)(l—Cv)(EJ— 1s::J
F, i v
50 19_'1323 (0.15)(1){71 in)(0.375 in)(1-0.23)
A‘ . = ll_.l .
™ 5o Kips x[M]—(ls)(o.:ws in)”
- 668.55 kips
=-0.35 in’
10 in?> [controls]

Calculate the required moment of inertia for the first transverse stiffener. First, use
Eq. 11.31 to determine the factor .

i’sz -2= 2821;51 ==2=14.07 [controls]
j2 [Z) (71 in)
0.5
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From Eq. 11.30, the required moment of inertia is

L. =at’j=(28in)(0.375 in)’ (14.07)
=20.78 in*

Try a 6 in wide stiffener. Check the minimum stiffener thickness needed for the
required moment of inertia, (d is twice the stiffener width of 6 in plus the web thickness .
of 0.375 in.) |

bd’ ,
aliv) il
b=%=(12)(20'78 in*) ;I
& (12375} g |
=0.13in 4

Check the minimum stiffener thickness needed for the required b/f ratio.

b 6 in
. — =

e (g) T 13.49
{ stiff

=044 in [use0.50in]

Check the actual moment of inertia.

bd® 5l
lug = 12 1
(050 in){12.375 in)’
12

=78.96 in* [>20.78 in' required |

Use a pair of '/, X 6 in stiffeners for the first transverse stiffener. Use Eq. 11.33 to
calculate the minimum area of steel required for the second transverse stiffener.

(7] esspmyo-c) sz

50 18 \((0.15)(1)(71in)(0.375 in}(1-0.23)

Y - in .
= ps x| 26995 KIpS ) 18)(0.375 in)’
494.00 kips

=
=0.39 in> [controls]
2

0in
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Calculate the required moment of inertia for the second transverse stiffener. First, use
Eq. 11.31 to determine the factor /.

2.5 .
225 o

i (BE)
J= 71 in

0.5 [controls]

From Eq. 11.30, the required moment of inertia is

Im'ﬂ' = at:j

=(76 in)(0.375 in)’ (0.5)

=2.00 in*
Try a 3 in wide stiffener. Check the minimum stiffener thickness needed for the
required moment of inertia. (d is twice the stiffener width of 6 in plus the web thickness
of 0.375in.)

_b

stiff 12
_12, _(12)(200i)
d  (6375mn)

=0.09 in

Check the minimum stiffener thickness needed for the required b/t ratio.

. b 3in

= (g) " 13.49
t e

=0.22in [use0.25in]

Check the actual moment of inertia.

bd’
Lan ==
_ (025 in)(6.375 in)’
- 12
=540 in* [>2.00in' required |

Use a pair of 174 X 3 in stiffeners for the second transverse stiffener. This completes the
plate steel girder design.
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Example 11.2
Bearing Stiffener Design
Design bearing stiffeners for the plate girder in Ex. 11.1. (The design of stiffeners is
discussed in Chap. 6.)

Solution !
End Bearing Stiffeners ]

Use Eq. 6.50 to calculate the maximum stiffener width.

5 =bf —t,

- 2
_15in-0.375 in 1
= > .
=73lin [use7in]

Use Eq. 11.32 to calculate the maximum ratio of width to thickness.

(3) <0.56 N '
t stiff F i

£13.49

The minimum thickness for a 7 in wide stiffener is

b

b =

(L

_7in
13.49
=0.52in [try 0.625 in}

Try a 7 in by % in plate, Calculate the gross area of the cross-shaped stiffener column
to include a section of the web equal to 121,, (see Eq. 6.49). Using Eq. 6.55,

Ay o = A +126
= bt g +1262
=(2)(7 in)(0.625 in)+({12)(0.375 in)’
=10.44 in’
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Calculate the moment of inertia for the cross-shaped column section

bd’) bd’
Im=[m+1w=( 12)"‘“'+( 12)'“

e (4, 42b,) . (12¢, ~ 4 ) 2D
12 12
_ (0.625 in){0.375 in+{2)(7 in))’
- 12
((12)(0.375 in)-0.625 in)(0.375 in)’
12

=154.73 in*

The radius of gyration for the column is

s 4
o= ’154.73'11[12 .
V4, V1044in

Calculate the nominal strength of the cross-shaped stiffener column. The effective
length factor, K, for the stiffeners is 0.75. The effective slendemess ratio is

KL _(075)(71in) _ .

r 3.851n

Determine the correct formula for calculating the critical flexural buckling stress.

kips

29,000 =
471 ’£=4.71 —Ti%’-
F, \ 50 =2

1
=113.43 [> KL/r,so use Eq. 6.58}

Use Eq. 6.60 to determine the elastic critical buckling stress.
_ ©E

F,
[ (E)Z
r
7 (29,000 5@)
_ 10

T (13.83)
=1496 ksi

PPl * www.ppiZpass.com
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Use Eq. 6.58 to find the critical flexural buckling stress.

F, =0658""F |
kips tip : 7

= (0.65850 3 J(SO kl—p,s] |

n ’

=49.31 ksi |

Use Eq. 6.57 to find the nominal compressive strength.
Ru = F ﬂAg.cmal

=(49.31 kips](lo.m in?)

iﬂz

=514.80 kips

Calculate the available strength of the cross-shaped stiffener column.

Tor T
4 L

LRFD ASD
P<gP, Y |
475.20 kips < (0.90)(514.80 kips) T Q
<463.32 kips [not OK] 324.00 kips < 51418(6) kips z
.67
<308.26 kips [not OK] 3

The required demand capacities are only slightly less than the calculated available
capacities, so it is safe to assume that increasing the stiffener thickness by '/g in will
be satisfactory. Use 7 in by ¥/, in stiffeners.

The bearing stiffeners beneath the concentrated loads are designed in a similar manner,
except that the length of the web to be included in the cross-shaped stiffener column is
25 times the thickness of the girder web.

Intermediate Bearing Stiffeners

Design the intermediate stiffeners. The required area of steel and the moment of inertia
were calculated in Ex. 11.1. Size the stiffeners to meet the existing requirements, which
are as follows.

A, =6.00 in®
Iz =20.78 in*
b,=15in
t,=0375in
h=71in
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Calculate the stiffener thickness based on the required area and width-to-thickness ratio
for the compression elements.

<13.49
b 6in
t. = =

mia [g) 1349
t stiff

Use 6 in by ; in plate stiffeners on each side of web. Because the intermediate
stiffeners are not needed to transmit a concentrated load or reaction, they can be
terminated short of the tension flange. The distance from the inside face of the tension
flange to the near toe of the web-to-flange weld must be at least four times but no more
than six times the web thickness.

=0.445in [use0.50in]

4¢,=(4)(0.375 in)=1.5in
6t,=(6)(0.375in)=2.25 in
Use a distance of 2 in, and make the stiffener height 71 in - 2 in = 69 in.
Stiffener-to-Web Weld

Although not in the current 4ISC Specification, Eq. G4-3 from the Manual of Steel
Construction: Allowable Stress Design, ninth edition, is useful for calculating the shear
transfer requirements for the intermediate stiffeners.

kips ¥
- 2

50
in
340

_ < kips per linear inch of single
=4.00 kips/in [stiﬁ'cuer or pair of stiffeners ]

PPl » www.ppiZpass.com
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The minimum size fillet weid that can be used for the '/; in stiffener and the /s in web
is a %4 in fillet weld that has a capacity of 2.78 kips per inch of weld for E70XX
electrodes. One continuous weld for each stiffener, with the two welds placed
diagonally opposite one another on the web, will provide 5.56 kips/in.

Girder-Flange-to-Web Weld E

The flange thickness is 2.5 in, and the web thickness is 3fs in. The minimum size fillet J
weld, based on the thinner element {the web), is ¥, 10

Caiculate the horizontal shear stress at the interface between the web and the flange.

4%}
1t

(475.2 kips)(2.5 in)(15.0 in)(38 in - 2'52 ‘“] J

T, =

(112,516 in*)(0.375 in)
=15.52 ksi

Calculate the weld demand capacity per linear inch. (See Sec, 10.7 and Ex. 10.1.)

el

Determine the resistance capacity of the two 3,6 in welds on each side of the web.

klps

J(O 375 in)=5.82 kips/in ‘

kips
in

R, = ()(1 392 ) (2)(1 392 k“c’s)(z.) 8.352 kips/in

The two ¥,s in welds on each side have more capacity than the demand capacity.
Determine the minimum web thickness for a double ¥/, in weld.

619D _ (6 19 hsz(?’)

F 5 kips

inz
=0.2857 in

The web has sufficient thickness to accept a double */,¢ in on each side.

il
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Nomenclature

a depth of concrete in compression

A area

Ag loaded area of concrete

b width

C compressive force

C factor defined in AISC Specification Eq, 12-7

C, factor defined in AISC Specification Sec. 12.2b, equal to

0.85 for rectangular sections and 0.95 for circular sections
factor defined in AISC Specification Eq. 12-15
depth of beam

dead load

outer diameter

modulus of elasticity

stiffness

specified compressive strength of concrete
specified minimum teosile strength

specified minimum yield stress

moment of inertia

effective length factor

effective length

length or span

live load

flexural streagth or moment

number of shear connectors

strength or load

pominal axial compressive strength disregarding adjustments
due to length

pominal bearing strength

nominal strength of one stud shear connector
tributary width

thickness

12-1
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T tensile force

Vv required shear force introduced to column
v required shear force transferred by shear connectors
w unit weight

w uniformly distributed load

Y1 distance from top of steel beam to plastic neutral axis
Y2 distance from top of steel beam to concrete flange force
Z plastic section modulus about x-axis
Symbols

A deflection

Pt reinforcement ratio, A, /4,

¢ resistance factor (LRFD)

Q safety factor (ASD)

Subscripts

a required (ASD)

b bending or flexural

B bearing

c compression, compressive, or concrete
comp compression

D from dead load

des design

e effective or elastic buckling

eff effective
f flange

flex flexural

g gross

LB lower bound

n nominal

p plastic bending

pc partial composite action

s steel

SC stud shear connector

st steel reinforcement

t tensile

u required (LRFD)

PPl « www.ppl2pass.com
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COMPOSITE STEEL MEMBERS

1. GENERAL

A composite steel member consists of a steel member to which concrete is added in
such a way that the two materials act together and form a single nonhomogeneous
member. The design of composite steel members is governed by AISC Specification
Chap. [, which is divided into the following sections.

Il General Provisions
2 Axial Members
I3 Flexural Members

14 Combined Axial Force and Flexure
I5 Special Cases

The use of composite steel beams started in the mid twentieth century and continues to
develop. Their design was first covered in the sixth edition of the AISC Manual in
1963; in 2005, the thirteenth edition added significant new material,

The AISC Manual includes the following types of composite members.

e steel axial compression members
— steel members fully encased in concrete
— holiow structural sections filled with concrete
e steel flexural members
— steel members fully encased in concrete
— hollow structural sections filled with concrete
e steel beams anchored to concrete slabs in such a way that they act together to
resist bending

The fundamental design concept for a composite steel member is that the concrete
resists compression forces and the steel resists tensile forces. The tensile strength of
concrete is neglected.

Composite members can have a number of benefits over steel members, including less
weight, greater load-bearing capacity, shallower construction depth, and greater system
stiffness. Fully encased composite steel members are in less common use because of
the cost of building concrete formwork to encase the beam. Hollow structural sections
(HSS) filled with concrete are a more recent development and were first covered in the
AISC Manual in the thirteenth edition; they avoid the need for formwork, have better
fire resistance than unfilled HSS members, and have aesthetic appeal in exposed
structures.

Composite construction is more likely to be economical for longer spans and heavier
loads, but it can be advantageous for shorter spans as well, depending on the
combination of loads and spans.

It’s important to consider load effects when designing a composite member, whether
axial or flexural. The steel element must be designed to support the load that will be
imparted to it before the concrete hardens. The completed member must be designed so

PPl » www.ppl2pass.com
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that it will support the critical load combination when the concrete reaches its design

strength,

2. DESIGN METHODS

The AISC Manual permits two types of design and analysis for determining the
nominal strength of a composite member: the plastic stress distribution method and the
strain-compatibility method.

In the plastic stress distribution method, the steel components are assumed to reach a
stress of F, in either tension or compression, while the concrete components are
assumed to reach a compressive stress of 0.85/". (For round HSS members filled with
concrete, a stress of 0.95f' is permitted for the concrete components in uniform
compression to account for the confinement of the concrete.)

The strain-compatibility method is based on a linear distribution of strains across the
section. The maximum concrete compressive strain should be 0.003 in/in. The stress-
strain relationships for steel and concrete are obtained from tests or published sources.

3. MATERIAL LIMITATIONS

The following limits generally apply to the steel and concrete in a composite system.

¢ The compressive strength of regular weight concrete must be at least 3 ksi and
no more than 10 ksi.

» The compressive strength of lightweight concrete must be at least 3 ksi and no
more than 6 ksi.

e For purposes of calculating column strength, the specified minimum yield
stress of steel must be no more than 75 ksi.

Higher strengths may be used in calculations, however, if they are supported by testing
or analysis.

Shear connectors may be headed steel studs or hot-rolled steel channels. Headed steel
studs must have a length after installation of at least four stud diameters.

4. AXIAL MEMBERS

The AISC Manual recognizes two types of composite axial members.

» encased composite columns (steel columns fully encased in concrete)
e filled composite columns (HSS members filled with concrete)
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COMPOSITE STEEL MEMBERS

Encased Composite Columns

An encased composite column consists of concrete encasement around a steel core.
Figure 12.1 shows some examples.

Figure 12.1 Examples of Encased Composite Colurnns

-8 s
) S
[

Encased composite columns must meet the following limitations.

e The cross-sectional area of the core must be at least 1% of the total cross-
sectional area.

e The concrete encasement must be reinforced with continuous longitudinal bars
and lateral ties or spirals.

o There must be at least 0.009 in® of transverse reinforcement per inch of tie
spacing.

o The spacing of the transverse reinforcement must be whichever of the
following values is smallest: half the smallest dimension of the member, 16
times the diameter of the longitudinal reinforcement, or 48 times the diameter
of the lateral reinforcement.

¢ The continuous longitudinal reinforcement must have a reinforcement ratio of
at least 0.004. The reinforcement ratio, py, is the ratio of the area of continuous
reinforcement to the gross area of the column.

P = A [AISC Eq. I2-1] 12.1
Az

The nominal compressive strength, P,, the design compressive strength (LRFD), and
the allowable compressive strength (ASD) should be computed in accordance with the
following.

For LRFD, with ¢.=0.75,

E<P, 122
For ASD, with Q. =2.00,
P < ! 12.3
Q

n

PPl » www.ppl2pass.com
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Which formula should be used to calculate P, depends on the relation between the
elastic buckling load, P,, and the nominal compressive strength of the column, _
disregarding adjustments due to length, P,. |

When P, > 0.44P,, : '5
P.=0.658%/" p  [AISCEq. 122] 12.4

When P, <0.44P,,
P =0.877P, [AISCEq. 2-3] 125

Use Eq. 12.6 and Eq. 12.7 to calculate P, and P,.

P =AF, +AF, +0854 f [AISCEq. 124] 126
7 (EI

P =—-—(# [AISC Eq. 12-5] 12.7
(KL)

In Eq. 12.5, the effective stiffness of the composite section is

(EI)  =EI +0.5E,I, +CEI,  [AISCEq. 12] 12.8
The factor C, is
C,=0.1+2 4 <0.3 [AISCEq.12-7] 129
A + 4,

The modulus of elasticity of concrete is found using Eq. 12.10. This equation is not
dimensionally consistent. The weight of the concrete, w,, must be in pounds-force per
cubic foot (pcf), and the compressive strength of the concrete, £;', must be in pounds-
force per square inch (psi). The resulting modulus of elasticity, £, is in pounds-force
per square inch.

— 1.5 3
Ec.p|i = 33wc,pcf ‘\1 j:-:,pu 12.10

Tenslile Strength

The tensile strength for an encased composite column is based on the tensile strength of
its steel only. The relatively small tensile strength of the concrete is neglected. The
tensile strength of the composite section is

P, =AF,+A4.F,, [AISCEq 2-§] 12.11

In calculating design tensile strength, ¢,P,, ¢, = 0.90 (LRFD); in calculating allowable
tensile strength, P, /Q,, Q, = 1.67 (ASD).
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Load Transfer
Axial loads can be applied to a composite column in one of three ways.

e directly to the steel section
s directly to the concrete of the encased composite section
e through direct bearing

When the load is applied directly to the steel section, shear connectors must be
provided to transfer the required shear force, V7, as follows.

’ A.TF
V'= V(l— P ”) [AISC Egq. 12-9] 12.12

2]

When the load is applied directly to the concrete encasement, shear connectors must be
provided to transfer the required shear force, V7, as follows.

I A.I'F
V'= V(T’) {AISC Eq. I2-10] 12.13

When the load is applied to the concrete of an encased composite through direct
bearing, the bearing strength is

P, =174, [AISCEq.12-11] 12.14
For LRFD, with ¢g = 0.65, the required bearing strength is
F,<¢,P, 12.15
For ASD, with Qg = 2.31, the required bearing strength is
P < i 12.16
B
Shear Connectors

The maximum spacing of shear connectors is 16 in. Connectors to transfer axial load
must be placed on at least two faces of the steel section in a configuration symmetrical
about the steel axis shape. Shear connectors must be distributed along the length of the
member for a distance of at least 2.5 times the depth of the member.

The nominal shear strength of one stud shear connecter embedded in solid concrete is

0, = 0.5.4“,/ [IE.< A F, [AISCEq D2-12] 12.17

PPl - www.ppiZ2pass.cam
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Filled Composite Columns

A filled composite column consists of a hollow steel structural section filled with
concrete. Figure 12.2 shows some examples.

Figure 12.2 Examples of Filled Composile Columns

a L [] -

.S

Y

TR TEIIN

Filled composite columns must meet the following general requirements.

e The cross-sectional area of the HSS member must be at least 1% of the total
cross-sectional area,

» The b/t ratio of a rectangular HSS filled with concrete must not be more than
2.26,{E[ F, , unless the use of the higher ratio is justified by testing or analysis.

e The D/t ratio for a round HSS filled with concrete must not be more than
0.15E/F,, unless the use of the higher ratio is justified by testing or analysis.

Compressive Strength

The design compressive strength, ¢.P, (LRFD), and the allowable compressive
strength, P./Q. (ASD), for axially loaded filled composite columns are determined
for the limit state of flexural buckling. Calculations are similar to those for
encased composite columns (Eq. 12.4 through Eq. 12.10), but with the following

modifications. The value of P, is found from Eq. 12.18. .
P, =AF,+AF, +CAf  [ASCEq 12-13] 12.18

The factor C, is 0.85 for rectangular sections and 0.95 for circular sections. The
effective stiffness is

(EIN, =EJl, +EI_+CE]I, [ASCEg 12-14] 12.19
The factor C; in Eq. 12.19is

C,=0.6+2 4
A+ A

3

J <£0.9 [AISCEgq. I2-15] 12.20

PPl « www.ppiZpass.com
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Tensile Strength

The design tensile strength, @, (LRFD), and the allowable tensile strength, P,/Q,
(ASD), for filled composite columns are determined for the limit state of yielding.

P =AF, +AF,, [AISCEq. 12-16] 12.21
For LRFD, with ¢, = 0.90, the required tensile strength is
P <¢gP 12.22

For ASD, with Q, = 1.67, the required tensile strength is

P < g' 12.23

Load Transfer

A load applied to a filled composite column must be transferred between the steel and
the concrete. There are three mechanisms by which that transfer can take place:
through direct bond interaction, shear connections, or direct bearing. The mechanism
that produces the greatest nominal strength can be used.

The allowable bearing strength of concrete is
P, =1.7f/4, [AISCEq. 12-17] 12.24
For LRFD, with ¢y = 0.65, the required bearing strength is

P.<4,P,
<@ 1714, 12.25

For ASD, with ;= 2.31, the required bearing strength is
Ps—L
12.26

Shear Connectors

When required, shear connectors must be distributed along the length of the member
for a distance of at least 2.5 times the width of a rectangular member or 2.5 times the
diameter of a round member. In either case, spacing must not be more than 16 in.

PPl - www.ppl2pass.com
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The AISC Manual provides the following tables to assist with the design or analysis of &
filled composite columns. ]

Table 4-13 Rectangular HSS, f.' = 4 ksi
Table 4-14 Rectangular HSS, £’ = 5 ksi
Table 4-15 Square HSS, £’ = 4 ksi
Table 4-16 Square HSS, f.' = 5 ksi
Table 4-17 Round HSS, £' =4 ksi
Table 4-18 Round HSS, /' = 5 ksi
Table 4-19 Round Pipe, £’ = 4 ksi
Table 4-20 Round Pipe, £’ = 5 ksi

Example 12.1
Axially Loaded Concrete-Filled Pipe Composite Section
A 12 in diameter, 30 ft standard steel pipe is filled with concrete. It will be used as a
column, laterally braced in both axes top and bottom, and with pinned connections top
and bottom.

Section properties Material properties |
outer diameter = 12.8 in pipe is ASTM A53, Grade B ! ,
inner diameter = 12.0 in F, =135 ksi
t=0.3751in F, = 60 ksi
taes = 0.349 concrete is normal weight (150 Ibf/ft%)

Dit=136.5 ! =6ksi
A=13.6in*
=262 in*

)

4
Determine the nominal strength, P,, the design strength, ¢.P, and the allowable %
strength, P./Q. %,} .
1

Solution

The gross cross-sectional area of the pipe is

i
aD* =(12.8in)’ 1

A = =
7 4 4 _
=128.68 in® : "J

The cross-sectional area of the concrete is
4= AK — A4,
=128.68 in* -13.6 in®
=115.08 in?

i

PPl » www.pplZpass.com
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Check the general requiremments for filled composite colurnns. Check that the
percentage of steel in the cross-sectional area is at least 1%.

Y0t =%x100%
4
_ 13.6in’
" 128.68 in®
=10.57% [>1%,s00K]

x100%

Check that the D/f ratio is no more than 0.15£7F,.

D 0.ISE
t~ F,
(0. 15)(29 000 l“ps)
in
<
36.5< =
in!

<12429 [s00OK]

Use Eq. 12.10 to determine the modulus of elasticity for the concrete.

E =33 f]

=(33)(150 ’ﬁb—fj 6000 2

lIl

=4,695,982 psi (4696 ksi)

Use Eq. 12.18 to determine the base strength. The second term is zero because there is
no reinforcing steel within the composite column.

P =AF,+AF, +CAf
=(13.6 m’)(:%s kll”S]+(o inz)[ ""’SJ +(0.95)(115.08 in )( lf‘—‘;s)
in n
=1132 kips
The inertial moment of the concrete is

; Dt _x(120 in)’
° 64 64
=1018 in*

PPl » www.ppi2pass.com
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Find the effective stiffness from Eq. 12.19 and Eq. 12.20.

Cc,=06+2| —% <09
A+ A,

13.6 in?
=0.6+(2
( )(115.08 in®+13.6 ian
=0.81 [s09]
(El), =E,J1,+E[I,+CEl,
:(29,000 E)(zsz in")+(29,000 ‘f‘PfJ(o in*)

in’ in

+(O.81)[4696 kips](lOlS in*)

inl
=11,469,771 kips-in®
Use Eq. 12.7 to calculate the elastic buckling load.
Pk 7 (EI)
e o T
(KL)
* (11,469,771 in®-kips)

((1)(30 ﬁ)(lz %‘.)T

=873 kips

Determine whether Eq. 12.4 or Eq. 12.5 is appropriate to use to calculate P,.

0.44P, =(0.44)(1132 kips)
=498.08 kips [< P, so use Eq. 12.4]

From Eq. 12.4, the nominal compressive strength is

P, =0.658%/%p
=(0.658)"" “**" " (1132 kips)
= 657.88 kips

PPl » www.ppi2Zpass.com
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| S—

Determine the design strength (LRFD) and the allowable strength (ASD) using
Eq. 12.2 and Eq. 12.3.

LRFD ASD
P, =¢.P,=(0.75)(657.88 kips) p _ P, 657.88 kips
=493 kips °Q, 2
=329 kips

5. FLEXURAL MEMBERS

The AISC Manual recognizes three types of composite flexural members.

e encased composite beams (steel beams fully encased in concrete)
e filled composite beams (HSS members filled with concrete)
e steel beams with mechanical anchorage to a concrete slab

The first two types are similar to the two types of composite axial members, In the third
type, the steel beams are anchored to the slab with shear studs or other types of
connectors so that the steel and concrete act together as a single, nonbomogeneous
member to resist bending. (See Fig. 12.3.) This form of construction is in common use,
and it is generally most cost effective when used with a formed steel deck.

Flgure 12.3 Composite Steel Baams with Formed Steel Deck

concrete
slab shear

[ =dm
TEAEAEZ e

=

A

formed steel deck running formed steel deck running
perpendicular to beam parallel to beam

The design of a composite flexural member requires a two-stage design or analysis. In

the first stage, the steel member must be designed to support all the loads that will be

imparted to it before the concrete has hardened (to 75% of its required strength). The
{ only exceptions are loads supporied by temporary shoring, but temporary shoring
increases the cost of the installation and consequently is seldom used.

In the second stage, the transformed composite section must be designed to support all
J the loads, dead and live, that are to be supported after the concrete has hardened.
Concrete tensile stresses are ignored.
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The following should be considered when a formed steel deck is used in conjunction
with composite beams.

» The area taken up by the formed steel deck can carry no compressive force.

o The direction of the deck with respect to the composite beam matters.

¢ The strength of the shear studs should be adjusted (reduced) to account for
the deck.

An effective width, &,, for the supported portion of the concrete slab is used in
designing the composite beam. The effective width of the half-siab on each side of the
centerline of the beam is the smallest of

e one-eighth of the beamn span (measured from center to center of the supports)

e one-haif of the beam spacing (measured from the beam centerline to the
centerline of the adjacent beam)
e the distance from the beam centerline to the edge of the slab

The effective width of the eatire slab is the sum of the effective widths of its two
halves. Figure 12.4 illustrates how the effective width is calculated, both for beams at
the edge of the siab and for interior beams.

Figure 12.4 Effective Concrete Width for Composite Slabs

L
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Bottom flange cover plates can be added to the beam to increase its strength or to
reduce the depth of the construction. However, this raises labor costs and may reduce
the cost effectiveness of the assembly. '

The plastic neutral axis (PNA) may be located in the concrete, in the flange of the steel
beam, or in the web of the steel beam. The location of the PNA is determined by the
compressive force in the concrete, C,, which is the smallest of the following values.

» A,F, (all steel in tension)
s 0.85f'A. (all concrete in compression)
¢ ¥, (maximum force that studs can transfer)

If A.F, < 0.85f.'A,, then steel controls the design and the PNA is in the concrete. If
A,F, > 0.85f;'A., then concrete controls the design and the PNA is in the steel.
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Once the location of the PNA has been determined, all element forces can be
determined.

» Concrete in compression is stressed to 0.85/.
s Concrete in tension is ignored.

o Steel in compression is stressed to F,,

o Steel in tension is stressed to F,.

When the location of the PNA is known, AISC Manual Table 3-19 can be used to find
the available strength in flexure. In this table, the available strength in flexure is given
for seven possible locations of the PNA; interpolation is used if the PNA is between
two of these locations.

Figure 12.5 shows these seven locations. Five are in the beam flange. Locations 1 and 5
are at the top of the steel flange (TFL) and bottom of the steel flange (BFL),
respectively. Locations 2, 3, and 4 are equally spaced between the TFL and BFL. The
other two locations are in the web. Location 7 is at the point where £, is equal to
0.25F,A4,, and location 6 is at the point where the value of £Q, is halfway between the
values at locations 5 and 7.

Z Q,,=025F 4 12.27

12.28

20,5+ 2.0.s
> 0.6 D T

Figure 12.5 Plaslic Neulral Axis Locations

_ 6

1TFL

———a 2
_3

4

5 BFL
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{not to scale}
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Shear Studs with Formed Steel Deck

Shear studs cannot be more than %, in in diameter. Also, the diameter of the studs
cannot be more than 2'/, times the thickness of the element to which they are welded.
After they are installed, the shear studs must extend at least 1/, in above the top of the

12-15
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deck rib and they must be covered by at least '/, in of the concrete slab. The slab
thickness above the top of the formed steel deck must be at least 2 in.

AISC Manual Table 3-21 gives the shear capacity for one stud, depending on its
diameter, the strength of the concrete used, whether the ribs of the formed steel deck 3]
run perpendicular to or parallel to the beam web, and other factors. j

Design Procedures 1

Use the following steps to design a composite steel beam and concrete slab flexural
member.

step 1. Determine the required flexural strength. :l

step 2. Use Eq. 12.29 to calculate a trial moment arm for the distance from the top of
the steel beam to the concrete force, ¥2. (Making the assumption that the depth of the
concrete in compression, g, is 1.0 in has proven to be a good starting point for many
problems.)

Y2=t—2 12.29
2

step 3. Enter AISC Manual Table 3-19 with the required strength and the trial value for
Y 2. Select a beam and a location for the PNA that will provide sufficient available
strength. Note the values for the distance from the top of the steel flange to the PNA,
Y1, and the total horizontal shear capacity, Z0,.

step 4. Determine the effective slab width, b,, as described earlier in this section.

step 5. Use Eq. 12.30 to determine the depth of the concrete in compression, a.

i
a= —OES%'b 12.30 ?

step 6. Use Eq. 12.29 to determine the actual value of Y2.

step 7. Use AISC Manual Table 3-19 and the value of Y2 to find the actual available L
strength. Interpolate between tabulated values if needed. -

step 8. Check that the steel section alone can support the construction loads (loads _
applied before the concrete bardens) by calculating the beam deflection. For B
construction economy, assume the use of unshored construction. 9

step 9. Check the live load defiection, using the lower bound moment of inertia from
AISC Manual Table 3-20.

PPl » www.ppiZpass.com
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step 10. Determine the number and type of shear connectors required. The number of
connectors given by Eq. 1231 is for each side of the point of maximum moment.
AISC Manual Table 3-21 gives values for Q,.

'] 29
Sl

12.31

j Example 12.2
Design of Composite Steel Beam with Formed Steel Deck

A simple span composite W shape steel beam spans 40 ft and has a 4 in concrete slab
i using a 1.5 in formed steel deck as shown. The transverse spacing between beams is
6.0 ft. Dead load (including steel beam weight) is 80 Ibf/ft>. Live load is 150 Ibf/ft’.

| JI, Material properties
: ';" ASTM A992 steel normal weight concrete
E F,=50ksi £ = 4000 ksi
) j] F,=65 ksi
Select the beam size required to limit live load deflection to L/360 and determine the
number of %/, in shear studs required.
Solution
’1 Calculate the total load. The tributary width, s, is equal to the spacing between beams,
1] e
i
] LRFD ASD
]'* w, =1.2D+1.6L w,=D+L
: Ibf Ibf Ibf Ibf
! =336 Ibf/ft* =230 Ibf/f’
'I T
1 (6 ft)(336 ’t';—fj (6 ﬁ)(230 :—f)
W:‘ =sW, = o W, =sw, = ™
1000 — 1000 —
kip kip
=2.02 kips/ft =1.38 kips/ft

PPl » www.ppi2pass.com
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Determine the required fiexural strength.

LRFD ASD - !
2 2 ’
M, = WL M, = UL I
8 8 }
[2 02 k“’s)(m ft)’ (1 38 klps)(40 ft)’ .
_ ft _ ft
8 8 }
=404 fikips = 276 fi-kips )

Make a trial selection from AISC Manual Table 3-19. Use Eq. 12.29 to calculate a trial
moment arm of concrete, Y2, Start by assuming that ais { in. 1

Y2=¢,, -2 =4 m-—l———3 5in
2 2

From AISC Manual Table 3-19, using Y2 = 3.5 in and the PNA at location 4, try a

W18 x 35.
LRFD ASD
oM, =424 ft-kips M, _ 282 fi-kips |
[> M, =404 fi-kips, so OK] Q, 4
{> M, =276 ft-kips, so OK] '

Determine the effective slab width. As the slab is symmetrical, the effective widths for

both halves are the same.
Do = s 6ft
—=-——=3f [controls]
2 2
b, =2b,,, =(2)(3 R)=6

Use Eq. 12.30 to determine the depth of concrete in compression. For a W18 x 35,
20, =323 kips.

_ 2.0

T 08575,
_ 323 kips

(0.35)( k“’s)(ﬁ ft)( ‘;)
=1.32in

PPl » www.ppliZpass.com
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The actual depth of a = 1.32 in is greater than the assumed value of 1 in and less than
the depth of the concrete above deck, which is 2.5 in.

Use Eq. 12.29 to determine the actual value of Y2.

y2=¢-2
2

=4 in_1.32 n

=3.34 in

Use AISC Manual Table 3-19 to determine the actual available strength for a W18 x 35

with PNA at location 4 and Y2 = 3.34 in, interpolating between the values for ¥2 =3 in
and ¥2 =3.5in.

LRFD ASD
@M =420 fi-kips M, _ 279 f-Kips
[> M, = 404 f-kips, so OK] Q,
[> M, =276 f-kips, s0 OK]

Therefore, the composite strength of the section is satisfactory to resist the moments
created by the full live and dead loads.

Determine whether the W18 x 35 will support the construction loads. The overall slab
depth is 4 in and the formed steel deck reduces the amount of concrete in the slab.
Conservatively assume 4 in of concrete and a 20 Ibf/f* construction load for the
workers. Calculate the combined loads.

LRFD ASD
w, =12D+1.6L w,=D+L
Ibf Ibf Ibf  _  Ibf
=92 Ibf/fi’ =70 Ibf/f’
W, =sw,+12w,, W, =5W, + Wy
(6 f)[ 92 f (6 ﬁ)[70 el :
ft’ f kips
- Tbf - or 004 5~
1000 — 1000 — fi
kip kip
i =0.46 kips/ft
+(1.2)[o.o4 Eﬁ) ps/
ft
=0.60 kips/ft
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Determine the required flexural strength.

STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

LRFD ASD
2 2

, <P , L |

8 8 ,

[0.60 ﬂ]@o f)’ (0.46 mJ(zto f) .

_ f _ R e_

8 8 1

=120 fi-kips =92.0 fi-kips 2

Assume that the formed steel weided to the top flange of the beam provides adequate
lateral bracing to develop the full plastic moment. From A/SC Manual Table 3-2, for a 1

W18 x 35, |
LRFD ASD A
M = ki M i
$M . =249 fi-kips B —166 ft-kips 1
[> M, =120 f-kips, s0 OK] Q, %
[> M, =92 R-kips, so OK]
1
3

Check the deflection of the beam prior to the concreic hardening. Assume that
20 Ibi/f® of the dead load is placed on the beam after the concrete has hardened;
therefore, the load on the beam prior to the concrete hardening is 60 IbE/ft*. From AISC
Manual Table 1-1, for a W18 x 35, [, = 510 in®,

ko

W, =swp

Ibf ‘
(6 ﬁ)(ﬁo ?) |
Tof 3

1000 —
kip

=0.36 kips/ft
A= Sw,L*
384E1

=(5)(0.36 %}(40 )" (12 %)3

(384)(29,000 "i"s)(sm in*)

inz

=1.40 in

To minimize the total amount of deflection, the designer could specify that the beam be
furnisbed with a 1.5 in camber.
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Calculate the live load deflection using the lower bound moment of inertia for
composite beams in AISC Manual Table 3-20. The lower bound moment of inertia
for a W18 x 35 with ¥2 = 3.5 and the PNA at location 4 is 1120 in*.

_ SwL!
384E7

i (5)(0.90 %)(40 &)"(12 %]3

(384)(29,000 'f"f‘)(l 120 in*)
n

=1.60 in
Calculate the allowable live load deflection of span/360.

A
360

(40 ﬁ)(lz li;i)

360
=133 in

The live load deflection is 20% greater than that permitted by the Intermational
Building Code. Possible solutions to this problem are to

e select another composite beam section and check the design
e increase the beam camber from 1.5 in to 1.75 in

If another composite beam section is selected, start the process by calculating the lower
bound moment of inertia required to limit the live load deflection to span/360.

A .
Iwma:(A el Jlua,um
allowable

=(_1-6° :‘“J(uzo in*)
1.33in

=1347.37 in*

For this solution, however, assume the decision is made to increase the total camber to
1.75 in. Calculate the number of shear studs required. Use %+ in diameter shear studs.
Assume there is one stud per rib and that the studs can be placed at the weak position
of the deck (a conservative approach). From AISC Manual Table 3-21, with these
assumptions, the deck perpendicular to the beam, and £’ = 4 ksi, the nominal strength
of the shear studs is O, = 17.2 kips/stud.

PPl » www.pplZpass.com
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The number of studs required per half length of beam is

. 2.0, 3BUDS 1o ougs [use 1)
Qn 17.2 m

stud

38 studs are required for the full length of the W18 x 35.
Partial Compaosite Action i

On a dollar-per-pound basis, the total cost of installing shear studs can be eight to ten 1
times the cost of the beam. Reducing the number of shear studs, then, can increase the
economy of construction significantly. When the full strength of the wide flange is not
required in the finished structure but may be needed during construction or to meet
serviceability requirements, it may be possible to accomplish this by taking advantage
of partial composite action.

Example 12.3
Design of Partial Composite Steel Action

For the span in Ex. i2.2, determine the available flexural strength of the W18 x 35
member if the number of shear studs is limited to 24 studs with %, in diameters.

ks,

=i

Solution

Determine the shear capacity of the studs for partial composite action. myy is the j
number of studs per half length of beam. '

Z Qn.pc

nlu.ll' -
o,
> 0, 0c = Moac .
=(24 studs)(”.2 EIE)
2 stud
= 206.4 kips

Use Eq. 12.30 to determine the depth of the concrete in compression.

30,
0.85/5,

_ 206.4 kips
(0.85)(4 ki"s)(ﬁ ﬁ)(lz %)

iﬂz
=0.843 in




F y
[N
KR fpaie i

COMPOSITE STEEL MEMBERS3

The compressive force in the concrete is
C.=0.85fab,

=(0.85)(4

=205.6 kips

kips
inZ

)(0.843 in) (6 ﬁ)[lz %J

Determine the area of steel required for compression. From Ex. 12.2, X0, is 323 kips.

DX 5N

1,comp 2};}
_ 323 kips —205.6 kips

(2)[50 kips)

'an

=1.17 in®

The distance from the top of the steel to the plastic neutral axis s
A
Yl=—""F
bf
17 in’
6 in

=0.195in [<s, =0425in

1.

The PNA is located within the top flange. Determine the compressive force in the steel.

C, =4, nsF,
=(1.17 inz)[SO k‘—"z‘“’]
1n
=58.5 kips

Determine the tensile force in the steel. From AISC Manual Table 1-1, the area of a
W18 x 35 is 10.3 in’.

T, = AF,
=(103 inz)[SO lf‘pf)
in
=515.0 kips

PPl » www.ppl2pass.com
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Determine the nominal flexural strength.

M, = M, =C,(moment arm)+T, (moment arm) - C, (moment arm)

el rlE)e(2 -
2 2 2 |

(205.6 kips)(zt in— 0'8; “‘) )

|

)

+(515.0 kips)(”; ’“)—(58.5 kips)(o'w “‘J ‘

12/ :

ft |

= 440.6 ft-kips |
Determine the design flexural strength (LRFD} and the allowable flexural strength 1
(ASD). |
b

LRFD ASD ii

¢, M, =(0.90)(440.6 fi-kips) M, _ 440.6 fi-kips ’ |
=396.5 fi-kips Q, 167 1
=263.8 fi-kips al

The flexural capacities here are less than those required for Ex. 12.2. However, the
effectiveness of partial composite action can be seen by comparing the percentage of
decrease in flexural capacity with the percentage of decrease in the number of shear

connector studs. The decrease in flexural capacity is

LRFD ASD
o 420 fi-kips —397 ft-kips o 279 fi-kips — 264 ft-kips
A’ﬂu = ; A‘nﬁ = 5
420 ft-kips 279 ft-kips
x100% % 100%
=5.48% =5.38%
The decrease in the number of shear studs is
LRFD ASD
38 studs - 24 studs 38 studs — 24 studs
9 = x100°% Y, = x100%
o 38 studs % Yo 38 studs %
=36.84% =36.84%

Decreasing the number of shear studs by about 37% results in a decrease in flexural

capacity of only about 5%.

b . .

e Ty
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The following example shows the value of composite beams as compared to
noncomposite beams.

Example 12.4
Design of Noncomposite Beam

Select a noncomposite beam for the loading and span in Ex. 12.2. Assume that the
compression flange is adequately braced to develop the full plastic moment.

Solution

Calculate the total load moment.

LRFD ASD
2 2
M, = w,L M, = w,L
8 8
(2.02 ﬂ)(m ft)’ [1.38 m)(40 /)’
g 8
= 404 fi-kips =276 fi-kips

Calculate the required plastic section modulus, Z.

LRFD ASD
Mns¢an=¢bszy M SM" =ZIF}‘
, M, “TQ, Q
) ¢be Z = MaQb
. x F
(404 ft-kips)(lz %) ’ _
_ ( )[ = (276 ft—kips)(l2 %)(1.67)
0.90)| 50 —,] =
in kips
_ 50 —2°
=107.73 in’ _ in
=110.62 in’

The slight difference in the required plastic section modulus can be attributed to the
dead load to live load ratio.

A W21 x 50 has a plastic section modulus of 110 in’. A W18 x 55 has a plastic section
modulus of 112 in®. These selections do not take into consideration any serviceability
criteria such as deflections. Compare this with the fully composite W18 X 35 beam that
was selected in Ex. 12.2.

PPl » www.ppiZpass.com
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12-26 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

6. COMBINED AXIAL FORCE AND FLEXURE

Section 14 of the AISC Specification specifies the requirements for members subject to
combined axial and flexural forces. The design compressive strength, @, the =
allowable compressive streagth, P,/Q., the flexural design strength, ¢M,, and the )

allowable flexural strength, M, /Q,, are determined as follows. j
» For axial strength, ¢. =0.75 (LRFD) and €, = 2.00 (ASD). 1
¢ For flexural strength, ¢, = 0.90 (LRFD) and Q, = 1.67 (ASD). j
The nominal strength of the cross section of a composite member should be determined :

by either the plastic stress distribution method or the strain-compatibility method. |

PPl » www.ppiZpass.com
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13'2 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

PRACTICE PROBLEM 1

A plant engineer wants to reinforce an existing W10 x 49 steel column by welding a
pair of 11 in x '/; in plates across the toes of the W10. The column is part of a braced
frame system and has an effective length about both axes of 20 fi.

7
////V//// /////

g
%
]
%
7
74
Z
5:

\\\S

SRR

Gz /// i

existing W10 x 49 with T in X 11in plates |
Section properties Material properties ]
W10 x 49 §,=54.6 in® column :
A=144i0’ r,=435in ASTM A992 3
d=10.0in Z,=60.4in’ F,=50ksi ]
t,=034in I,=93.4 in" F, =65 ksi
br=10.0 in S, = 18.7 in® plates |
£r=0.560 in r,=2.54in ASTM A572, grade 50 !
I,=272 in* Z,=283in’ F,= 50 ksi
F,=65ksi

Adding the reinforcement will increase the load-carrying capacity of the column by a i
factor of most nearly

(A) 1.8
(B) 2.2
(C) 2.6
(D) 2.8 !
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PRACTICE PROBLEMS 13-3

Solution

Determine the available strength of the column without the reinforcing. The effective
length, KL, is the same about both axes, so the axis with the smaller radius of gyration
will govern the design. r, = 4.35 in and r, = 2.54 in, so the y-axis governs.

From AISC Manual Table 4-1, the available strength for the unreinforced column is

¢.P. =338 kips [LRFD]

P
2. =225 ki ASD
=225 kips {AsD)]

£

Determine the cross-sectional area of the reinforced member.

Ainiorced = Acotumm +nph|aAphic
=14.4 in® +(2)((0.5 in)(11 in))
=254 in’

Determine the moment of inertia for the reinforced member about each axis. For the
x-axis,

I:,rcinfomed = x,column + nphlqu,phlc
=1 +n I—WJ—
x,oohsmm plates 12

=272 in* +(2)((°‘5 in)(11 m)J]

12
=383 in*
For the y-axis,
! yocinforeed — 4y cohmn +"phlﬂIy.phw
wt’ )
=Iy.mhm +np“= (E-l'.dd )

(11in){0.5 in)’
12

=93.4 in* +(2)[ +(5.5 in?)(5.25 in)z]

=397 in*
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STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

Determine the radius of gyration of the reinforced member about each axis.

[+ in’
r,=\(' =J383m =3.88in

Ay V2541
I . in®
A i foroed 2541

Use Eq. 7.2 to determine the nominal strength of the reinforced section.
'F:u = FcrAg
The gross area is
.2
Ay = Aoy =234

The column’s effective length, KL, is 20 ft. Check the slenderness ratio, KL/r, to
determine the applicable formula for F;.

E 29,000 9B
4.71 ,—:4.71 —— 0 =113.43
F, 50 =E
n

w0 ﬁ)(lz %)

r 3.88 in Sl [“"" EfF,, 50 use Eq. 7.6

From Eq. 7.8, the elastic critical buckling stress is

FoTE
=
("

::2(29,000 k“’s)

inZ
(61.86)"
= 74.80 ksi

From Eq. 7.6, the flexural buckling stress is
F,=0658""F,

e [ o0 b -
=[0.658” Tk J(so m)

m2

=37.8 ksi

PPl » www.ppi2Zpass.com
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PRACTICE PROBLEMS 13-5

The nominal strength, then, is

kips
ln

P=F, A = ( )(25 4 in*) =960 kips

Determine the new design strength (LRFD) or available strength (ASD) and the
magnitude of increase,

LRFD ASD
¢.B, =(0.90)(960 kips) _ £, _960kips _ 575 kips
— 864 kips Q. 167
(2. ”)mmr - 338 kips Q. A )i _ 575 kips
=256 (26) [ fﬂ,) 225 kips
Q

=256 (2.6)

The answer is (C).

PRACTICE PROBLEM 2

In the truss shown, the load at each of points A, C, D, and E consists of a dead load of
3 kips and a live load of 9 kips. The load at point B consists of a dead load of 6 kips
and a live load of 18 kips. All panel points act as pinned connections and £, = 36 ksi.

Pa y’a Pe ‘LPD Pe
A B (4 D E

7 L

% G H i J K .

6@15ft=90ft

20 ft

The gross cross-sectional area of steel required for member A-H is most nearly
(A) 1.5in’
(B) 1.8in’
(C) 2.0in®
(D) 2.3in’
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STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL 3SE EXAMS

Solution

Analyze the truss to determine the reaction at panel point F and then determine the
force acting on member A-G. Break Pg into two loads, P, and Pp, each consisting of
a dead load of 3 kips and a live load of 9 kips. The six loads Pa, Pni, Pa2, Pc, Pp, and
Pg are then equal. Calculate the required load for each.

LRFD ASD
P =12P, +1.6P, P =P +P,
={1.2}{(3 kips)+(1.6)(9 kips) =3 kips+9 kips
=18 kips =12 kips

Calculate the reaction at point F. Treat the five equally spaced loads Py, Psy, Pc, Pp,
and Pg as a single load of 5P at point C,

LRFD ASD
R.:.F=%(5Pc)+%Pnz '%( )"‘ Py
_5B,28 _SB 2B
2 3 2 3
_(5)(18kips) _ (2)(18 kips) _(5)(12 kips) _ (2)(12 kips)
2 3 2 3
=57 kips =38 kips

Because F-G and G-H are collinear, A-G is a zero-force member. Therefore, the
vertical component of member A-H is equal to the vertical reaction at F less the
downward load of P, at panel point A.

LRFD ASD
Pty =R =Py Prwen =R s —F,
=57 kips —18 kips =38 kips —-12 kips
=39 kips =26 kips
ABAH is a 3-4-5 triangle, 50 Ly is 25 ft. The force in A-H is
_ I A _ Prtiven _ Pt
AT sin/BAH Ly, 20f
s 25 ft
_ 5B e
T4

PPl « www.ppi2pasas.com



PRACTICE PROBLEMS 13-7

B —
_ LRFD ASD
E : (5)(39 kips) (5)(26 kips)
F, AaH= T . F M= 5
E =48.75 kips [in tension] =32.5kips [in tension]
- Use Eq. 4.15 (LRFD) or Eq. 4.22 (ASD) to determine the minimum gross area of steel
{ for the required strength,
LRFD ASD
] A2 R A, z—Q'R""‘“
¢F, F,
* > 48.75 kj::ls X (1.67)(32:5 kips)
(0.90)[36 : pf‘) 36 KPS
) & in in
o 3 >151in* (L5 in?) >151in’ (L5 in?)
{ 1 i
2 The answer is (A).
L l* § PRACTICE PROBLEM 3
o ‘iﬂ For the truss in Prob. 2, select the lightest pair of 6 x 4 in angles that meets the
1 4 available strength requirements for member A-F.

(A) 2L6x4x°%in, long legs back to back
(B) 2L6 x4 x */s in, long legs back to back
(C) 2L6x4 x "/, in, long legs back to back
(D) 2L6 x4 x /s in, long legs back to back

Solution

E L

From the beginning of the solution to Prob. 2, the reaction at point F is

g LRFD ASD
R, =57 kips R, ¢ =38 kips

AAFG is a 34-5 triangle, so L,y is 25 ft. The force in member A-F is

— Rn.F = Rn,F = Ru,F
i ¥ sin/AFG Le 208
- L, 25#
ﬁ =SIz"'F
8 4
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STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

LRFD ASD

ki 5)(38 ki

Pp=

Examining AISC Manual Table 4-9 shows that the Y-Y axis is controlling, because the
load capacity is always greater about the X-X axis for the same length. Select the
lightest pair of 6 x 4 angles that meets the following strength requirement with the Y-y
axis controlling and using an effective length of 26 ft. The required strength is

LRFD ASD

0.P.> R, = P, =71.25 kips g >R, = P, =47.5 kips

<

From AISC Manual Table 4-9, for 2L6 x 4 x °/,

LRFD ASD

¢.P. =669 kips [<R,, not enough] g- =445 kips [< R,, not enough]

c

For 2L6 x 4 x ¥/,
LRFD ASD
¢.P, =849 kips [>R,,s00K] g =56.5kips [>R,, 50 OK]
The answer is (C}.

PRACTICE PROBLEM 4

The anchor rods shown are subject to a horizontal shear force and an overturning
moment. The anchor rods are spaced at 12 in centers on both axes. The threads on the
anchor rods are excluded from the shear plane. The length of anchor rod is sufficient to
develop full available strength.

Anchor rods Material properties
/g in diameter ASTM F1554, grade 36
A=0.601 in’ F, =36 ksi
F,= 58 ksi

PPl » www.ppi2pass.com
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PRACTICE FROBLEMS

M
<A

V, = 20 kips
V, = 30 kips
.

What is most nearly the available moment-resisting capacity? (LRFD options are in

parentheses.)
_ (A) 14 fi-kips (20 ft-kips)
-'f- (B) 19 ft-kips (29 ft-kips)
(C) 25 fi-kaps (38 ft-kips)
(D) 30 ft-kips (44 ft-kips)
Solution

Determine the nominal tension resistance capacity of the bolts. From AISC
Specification Table J3.2,

F,=0.75F,
kips
=43.5 ksi
R, =F,4,

kips in?
=1435 0.601 —
( in’ )[ bolt]

=26.14 kips/bolt
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13-10 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

Determine the nominal shear resistance capacity of the bolts. From AISC Specification

Table J3.2,
F_ =050F, .
=(o. 50)( k‘Ps) |
=29.0 ksi *5
Rm' = anA i
2 3
( k‘ps)[o 601 )
n bolt }
=17.43 kips/bolt .
Determine the design strength (LRFD) and the allowable strength (ASD) for the bolts.
For tension,
LRFD ASD
kips kips |
A 26.14 ——
#R,=(0 75)[26 14 e ) R, _ 14 o |
=19.61 kips/bolt Q, 2.0
=13.07 kips/bolt
For shear,
LRFD ASD
kips kips
=V 1743 —
0k =(0 75)(” - bolt) R, _ ™4 holt
=13.07 kips/bolt Q, 2.0
=8.72 kips/bolt

Check the ratio of shear required to shear available in order to determine whether the
available tensile strength must be reduced (see Sec. 9.9).

LRFD ASD
A 30 kips V. 20 kips
R _Poow __4bolts Ry _ Moo __ 4 bolts
R, OR, 1307 KBS Ry Ry 1743 KBS
bolt Q Q bolt
=0.57 [>0.20] 2.0
=0.57 [>0.:20]

PPl » www.ppi2pass.com



PRACTICE PROBLEMS

13-11

Because the ratio exceeds 0.20, the available tensile strength must be reduced.
LRFD ASD
] = ’ F;. ’ QF, it
5 F,,=1.3Fm—(a;—JLSFN Fm=l.3F;,-( T Jf” <F,
) =(1.3)(43 k‘p“) - 3)( k‘PS)
, 1 10
( kips
= 43.5 Kips (2-00)[ = }
in’ . in’
’ - ki
(0.75)(29 0 k"’sj 29.0 ~2
r 1 n k in
} 5 x( 7.5 kips ) xf 5.0 kips]
e 0.601 in’ L 0.601 in
IR =31.6 ksi =31.6 ksi
r i Calculate the reduced strength of the bolts for combined shear and tension. From
l = Eq.9.2,
i -
- T 2
l¢ R =F A = (31 6 k‘ps) 0.601 — |=19.0 kips/bolt
Jog in bolt
" l 3 LRFD ASD
h kips kips
= 19.0 ——
PR, (0.75)[19 0 bolt) Ry _ o
Q 2.0

=14.3 kips/bolt

=9.5 kips/boit

3

the moment arm,

# The available moment-resisting capacity is equal to the available tensile strength times

LRFD

ASD

=(2 bolts)(l4 3 :"’IS)(I )

M,=Td=n, [%—'-]d

=(2 bolts)[‘) 5 "‘PS)(l ft)

] : =28.6 fi-kips {29 fi-kips) bol
=19 ft-kips
i l The answer is (B).
| §
g
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PRACTICE PROBLEM 5

STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS3

The center-to-center span of an HSS18 x 6 x i spandrel beam is 40 ft with the strong
axis vertical, The beam is braced laterally only at the ends of the beam. The bending
load imparted to the weak axis from wind load is 0.23 kips/ft; no bending load is

imparted to the weak axis from dead load.

Section properties

1=0.349 in S, = 66.9 in’®

weight = 58.07 bRt re=6.15in

A=16.0 in’ Z,=864in° -

bit=142 £,= 106 in*

hit=48.6 S,=35.5in’

I, =602 in* r,=2.58 in
Z,=39.5 in’

Material properties
ASTM A500, Grade B
F,=46 ksi
F,=58 ksi

What is most nearly the load per foot that can be imparted to the x-axis of the beam?

(LRFD options are in parentheses.)
(A) 0.07 kips/ft (0.11 kips/ft)
(B) 0.14 kips/ft (0.21 kips/ft)
(C) 0.21 kips/ft (0.31 kips/ft)
(D) 0.27 kips/ft (0.41 kips/R)

Solution

Both the flanges and webs are compact, so only the limit state of yielding applies.

Determine the required strength for the y-axis.

LRFD ASD
w, =1.2w, +1.6w, W, =W, + W,
kip kip kip
=(1.2)| 0 — =0.00 —+0.23 —
120 w0
] =0.23 kip/ft
+(l.6)(0.23 ﬂ)
ft
=0.37 kip/ft
kip 2 kip 2
» | 037 ==|(40 f) . |0.23 — |(40 ft)
wL ft wL ft
Mu = = Ma = =
A 8 Y8 8
=174 ft-kips =46 ft-kips
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PRACTICE PROBLEMS 13-13
Determine the design flexural strength (LRFD) and allowable strength (ASD) for each
of the axes. For the x-axis, from Eq. 5.23,
M _= MPI = Fny

[46 kips)(seA in’)

2

- n
12 =
ft
=331.2 fi-kips
LRFD ASD
oM, =090M, M, _3312 fikips _ oo fkips
=(0.90)(331.2 ft-kips) Q, 1.67
=298 fi-kips

Alternatively, AISC Manual Table 3-12 gives the same values, For the y-axis, AISC
Manual Table 3-12 gives

LRFD ASD
¢, M, =102 fi-kips

M .
— =68 fi-kips
Q,

Determine the applicable interaction equation to use for calculating available flexural
stress on the x-axis. Because P, = { Ibf, P,/P. < 0.2. Use Eq. 8.2.

M_ M
£ +| —+-—2|<1.0
2P \M, M,

As there is no axial load, the first term is zero.

LRY¥D ASD
M M, M
Z+—2<1.0 Z+—2<1.0
M, M, e M,
M M
M_ S(I.O——"’]Mu M_< [1 .0—-—”’JM,_,
Mcy Mcy
<[ 1,074 fKdps <[ 1,026 fi-kips
102 ft-kips 68 ft-kips
x(298 fi-kips) x(198 fi-kips)
<81.80 ft-kips M_ £64.06 ft-kips
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13-14 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

Determine the load per foot that will use the available strength in the x-axis.
LRFD ASD - ]
M, =M_ =81.80 fi-kips M, =M, =64.06 fi-kips
8M,, _8M,, — U
W, = I a =2
_ (8)(81.80 R-kips) _ (8)(64.06 fi-kips) |
(40 fr)° (40 &t)° |
=0.41 kips/ft =0.32 kips/ft "
The answer is (D). 1
PRACTICE PROBLEM 6 :

A WI0 x 60 composite steel column is encased in 16 in x 16 in of concrete. The
concrete has a compressive strength of 8 ksi. The effective length of the column about
both axes is 20 ft with pinned ends. The concrete section is reinforced with four no. 14

reinforcing bars spaced at 12 in centers. !
Steel section properties Steel materizal properties
W10 x 60 I, =341 in’ ASTM A992
A,=17.6in’ S, =66.7 in® F,=50 ksi
d=10.2in r.=439in F,=65 ksi
£, =0.402 in Z.=74.6 in’ Concrete section properties
br=10.lin L=116in' Ag =256 in’
t;=0.680 $,=23.0in’ w. = 150 Ibf/f
byl 2ty = 7.41 r,=2.57in AL =9.00 in®
hit,=18.7 Z,=35.0in° Concrete material properties
£ =8ksi
F, o= 60 ksi

What is most nearly the design strength (LRFD) or the allowable strength (ASD)?
(LRFD options are in parentheses.)

(A) 800 kips (1200 kips)
(B) 900 kips (1400 kips)
(C) 1100 kips (1700 kips)
(D) 1200 kips (1800 kips)
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PRACTICE PROBLEMS 13-15

Solution

Determine the area of concrete.
A‘.‘ = Ag - l‘J!.I' - ‘4]7
=(16 in)’ ~17.6 in” - (4)(2.25 in?)
=229.4 in?

(S

Use Eq. 12.6 to determine P,.
) P=AF +AF +0.854_f7

) =(17.6 mz)(SO ?"f‘)+(9.oo mz)[60 in"f]

o F +(0.85)(229.4 in’)(s %]
= 2980 kips

; Use Eq. 12.9 to determine the coefficient, C,.

c,=o.1+2( 4, ]50.3
A

+4

< ¥

=0‘1+(2)( 17.6 in” J

2294 in® +17.6 in?

=0.24

Use Eq. 12.10 to determine the modulus of elasticity for the concrete.
£, =337
L5
(33)(150 %;) 8000 Ltlg

in
1bf

1000 —
ki

P

=5422 ksi
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STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

Determine the moment of inertia for the steel reinforcing,

L.=nu.,(”; ]+Ad2

= (4)(”(0 i) ] ((4 bars)(2.25 %}}(6 in)? |

=326.67 in*

Determine the moment of inertia for the weak axis slenderness check. )

I:' = Ig _Iy,stml _Isr

bH
BRI Gl
. . 3
_(16in)(16in) ) ouv 30667 int
_ 5019 in*

Use Eq. 12.8 to determine the effective stiffness of the composite section.

(EI), =E,+05E,I, +CE,,
( k’ps)(us in*)+(0. 5)(

+(0. 24)[5422 k‘ps)(sow in*)
=14,631,839 in’-kips

k“’s)(nﬁ 67 in*)

Use Eq. 12.7 to determine the elastic buckling load.

=;r’(51)£
© (kY
#* (14,631,839 in’ kips)
o N2
’[12 -‘EJ
(20 8) [ z

= 2507 kips

Determine the applicable interaction formula.

0.44P, =(0.44)(2980 kips) =1311.2 kips [< P, so use Eq. 12.4]
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PRACTICE PROBLEMS

From Eq. 12.4,

P, =0.658%/"p

=(0.658)™ "> 5" (2980 kips)
=1812 kips

Determine the design strength (LRFD) or allowable strength (ASD).

LRFD ASD
¢.P,=(0.75)(1812 kips) - P, _ 1812 kips
=1359 kips {1400 kips) Q, 2
=906 kips (900 kips)

The answer is (B).

PRACTICE PROBLEM 7

The column shown is located in a braced frame with both ends fixed and an effective
length of 30 fi.

concrete-filled
HSS14 x 0.500 column

concrete: f; = B ksi

HSS section properties HSS material properties Concrete properties
1,=0.465 in ASTM A500, grade B S =8ksi
A=19.8 in’ F, =42 ksi w, = 145 IbFf
Dit=30.1 F, =58 ksi E.= 5422 ksi
I=453 in* E, = 29,000 ksi
S=64.8 in’
r=4.79in
Z=852in’

PPl « www.ppiZpass.com
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STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL 3E EXAMS

What is most nearly the design strength (LRFD) or the allowable strength (ASD)?
(LRFD options are in parentheses.)

(A) 490 kips (730 kips) &
(B) 520 kips (780 kips) l
(C) 550 kips (830 kips)
(D) 660 kips (990 kips) )

Solution
Determine the gross area of the filled composite columan.

- nd’ _z(14 in)’

' =153.94 in’ 1
4 |

Determine the area of the concrete.
Ac = Ag —A,=153.94 in?—19.8 in® =134.14 in*

Check the requirements for filled composite columns (see Sec. 12.4). Determine
whether the requirement for minimum steel area is met.

A, in =0.014, =(0.01)(153.94 in’) =1.54 in> [<19.8in",50OK ]

Verify that the D/f ratio is acceptable.

D _0.ISE
t~ F
(0. 15)(29 000 k’ps)
<
30.1< s
i.ﬂz

<103.57 [s0OK]
Use Eq. 12.18 to determine P,
P=AF,+AF, +CAf
: klps . klps] [ kips]
=(19.8 in?}| 42 0 0 +(0.95){134.14 in
(19810%)( 42 K22+ (0 ) 0 252 i (095)(134.14 ) 8 25

=1851 kips
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PRACTICE PROBLEMS

Use Eq. 12.20 to determine the coefficient C;.

A+4
19.8 in’
=0.6+(2
( )(134.14 in’ +19.8 'm?']
=0.86 [£09, s00K]

c,=0.6+2[ 4 Jsog

Use Eq. 12.10 to determine the modulus of elasticity for concrete.

E, =33w*[f

bf )" Ibf
(33)(150 ?F) ‘/8000 bt

1000 E

kip

=5422 ksi

Determine the moment of inertia of the concrete.

. . 4
I < zD} _ 7 (14 in~(2)(0.465 in)) 1432 i
64 64

Use Eq. 12.19 to determine effective stiffness of the composite column, El 4.
(EI)etr =EIl +EI _+CE.I

=(29,000 inpf)(453 m4)+(0 in"f](o in*)

+(0.86)[5422 -@](1432 in*)

in?.
=19,814,301 in-kips
Use Eq. 12.7 to determine P,.
7t (EI
(KL)
_ z (19,8 14,301 in—ldps)
- . N2
30 &) 12 E)
Gony (12 2

=1509 kips
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Check the ratio P, /P,.
iy = M =0.82 [>0.44, so use Eq. 12.4]
P 1851 kips

Use Eq. 12.4 to determine the nominal compressive strength, P,, of the composite
column.

P, =0.658"/"p,
=(0.658)""" =/ 1™ (1851 Kips)
=1108 kips

Determine the design strength (LRFD) or the allowable strength (ASD).

LRFD ASD
¢.P, =(0.75)(1108 kips) P, _1108 kips
=831 kips (830 kips) Q, 2
=554 kips (550 kips)

The answer is (C).

PRACTICE PROBLEM 8

The framing plan is shown for a corner bay of an office building that utilizes composite
steel construction. The concrete slab consists of a 3 in, 16 gage composite formed steel
deck with a total depth of 5 in of lightweight concrete above the top of the steel beams.
Live load deflection is limited to span/360.

v vl ste gng

«teo® Oea, FETY D BRI
PR A LT Ay 5 R

45 ft

\ edge of slab

3@12ft=36t
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PRACTICE PROBLEMS 13-21

Steel properties Design loads before concrete sets
ASTM A992 concrete + formed steel deck = 35 Ibf/ft
F, =50 ksi working live load = 20 Ibf/fi2
F,=65ksi estimated beam weight = 80 1bf/ft
E, = 29,000 ksi Design loads after concrete sets

Concrete properties concrete + formed steel deck = 35 Ibf/ft
[=4ksi design live load = 100 Ibf/f®
we = 115 b/’ estimated beam weight = 80 1bf/ft
E.=2573 ksi mechanical, electrical, and plumbing
A,=212 in¥ft + finishes = 10 Ibf/ft*

weight = 32 Ibf/&
Select a beam size to satisfy design loads for beam A-B.
(A) W18x55
(B) WI18x60
(C) W2l x55
D) W2l x57

Solution

Before the concrete sets, the dead load per foot of beam, Wppepr, 15 the weight of a

12 ft wide portion of the formed steel deck and the concrete, plus the weight of the
beam itself.

W peton =(35 l::t’—f)(lz ft)+80 %:500 Ibf/ft

After the concrete sets, the dead load also includes the weight of the mechanical,
electrical, and plumbing systems and the finishes.

wD_‘M:(BS g+10 -l-]g)(IZ ft)+80 llzg=620 Ibf/ft
ft ft ft
The live load per foot of beam before the concrete sets is
Ibf
W berore =| 20 rel (12 ) =240 Ibf/ft

After the concrete sets, it is

W e =[1oo I::—f)(lz ft)=1200 Ibf/ft
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13-22 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

Determine the design loads for before and after the concrete sets,

LRFD ASD
W,petore = 1-2Wh petore +1-6Wp g W, betore = W betore T Wi before
Ibf Ibf Ibf
. e 500 —+240 —
(l 2)(500 A ) ~ R a
Ibf
Ibf 1000 —
= =0.74 kips/ft
1000 E ps/
kip
=0.984 kips/ft

W, e = 1-2Wp o 1.6, 0

| (1.2)(620 %]

+(1.6)(1200 !?t—fj

1000 12f

kip
=2.66 kips/ft

Woate = Wpater T Wi ane

620 E+1200 L}
ft ft

1000 -l—li
ki

P

=1.82 kips/ft

Calculate the required moments before and after the concrete sets.

LRFD ASD
W, o L R
M = - usbefore 7 M — _abefore™
u,before 8 a,beflore 8
[0.984 m)(45 fi)’ (0.74 @](45 £y’
= ft - ft
8 8
= 249 ft-kips =187 fi-kips
W, oo L N
M — u,after M = a,ufter
u,after 8 q,after 8
[2.66 HEJ(% fr)° (1 82 lqp5)(45 ft)”
= ft - ft
8 8
=673 ft-kips =461 ft-kips

PPl » www.ppi2pass.com
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Determine the effective width of the concrete slab (see Sec. 12.5).

(L _451i
8 8
=5.625ft [controls]
ehall — s H_

2 2
| =6f

b, =2b,,., =(2)(5.625 &) =11.25 &

Use Eq. 12.29 to calculate the moment arm distance for the concrete, Y2, making the
assumption that the depth of the concrete in compression, a, is 1.0 in.
y2=1, ~2=5in- 12
slab 2 2
=4.5in

Make a trial selection for the composite beam from AISC Manual Table 3-19. Enter the
table with M, = 673 ft-kips (LRFD) or M, = 461 fi-kips (ASD), Y2 = 4.5 in, and an
assumption that the plastic neutral axis (PNA) will be located at the bottom of the top
flange (BFL), location 5. Try a W18 x 60.

LRFD ASD
#,M, =710 fi-kips M, [Q, =472 fi-kips
[> M, =673 f-kips, so OK] [> M_ =461 f-kips, so OK]

From the same table, the horizontal shear capacity of the beam is 20, = 357 kips. From
AISC Manual Table -1, for a W18 x 60, I, = 984 in'. Check beam deflection under the
load of the concrete weight, neglecting the temporary live load of 20 Ibf/ft%.

(35 l;:—f)(lz f)+80 €

=—=0.50 kips/R
1000 =
kip

w=

_ Swi'
384E1,

(s )(o 50 l“"’*](45 fr)’ [12 E)s
(384)( klps)(984 ‘)

=1.62in [recommend 1.5 in or 1.75 in camber]

PPl - www.ppiZpass.com
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Check steel strength for unshored construction loads, assuming that deck welds provide
adequate lateral support. From AISC Manual Table 3-2, fora W18 x 60,

LRFD ASD
@M, =461 fi-kips M, [Q, =307 fi-kips
[2 M, 4t = 249 fi-kips, so OK | [2 M, perore = 187 R-kips, 50 OK ]

Use Eq. 12.30 to check the depth of compression concrete. }

_ 290,
T 0.85/7b,
B 357 kips
- kips in
0.85 11.25 ft){ 12 —
(094 K2 J112s )12 2
=0.78 in [<1 in assumed, so OK ]

Check that the live load deftection is less than L/360. From AISC Manual Table 3-20,
with the PNA at BFL and Y2 = 4.5 in, the lower bound moment of inertia is I g =
1930 in*. Calculate the deflection.

w, =(w,_m, +w )b

[wo bf 10 lbf)(lZ )

ﬂ.Z
1000 E
kip
=132 kips/ﬁ
_ Swr'

L 384EI

(5)[1 32 '“fi’s](u ﬁ)‘(lz %]3
(334)( k“’s)(wso )

=2.18 in

The maximum deflection is

(45 ﬁ)[lz E)

A
Laoax =360 360

=L5in

The deflection of 2.18 exceeds the maximum, so a heavier or deeper section should be
tried.
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Determine the lower bound moment of inertia required to limit deflection to L/360.

A
ILB,mq = [A&ﬂ} ILB,cm'r:nt

req
(2 18 ’“)(1930 9
1.5in
=2805 in*
1 From AISC Manual Table 3-20, try a W21 x 57 with PNA at location 2 and Y2 =

4.5 in, giving fip = 2930 in®. Use Eq. 12.30 to check the depth of compression
concrete. From AISC Manual Table 3.19, £Q, = 730 kips.

_ 2.0

T 0.85/7%,
730 kips

o =(o.ss)( ':;"S](nzsﬁ)(lz 13)

=1.6in {>1 in assumed}

|, = The depth of compression concrete remains above the flute of the metal form deck, so
] 1 this is satisfactory. Use Eq. 12.29 to calculate Y2,

I Y2=1, - ‘::-Sm——16u1 42in

Calculate the lower bound moment of inertia for Y2 = 4.2 in by interpolating in
o AISC Manual Table 3-20 between the tabulated values for ¥2 = 4 in and Y2 = 4.5 in
: (2820 in* and 2930 in*, respectively).

O

4

1 I, =2820 in* +(%)(2930 in*—2820 in*)
=2864 in* [> 2805 in*,50 OK |

The lower bound moment is sufficient, so use a W21 x 57. Use Eq. 12.31 to determine
the number of studs required for placement in the strong position. From AISC Manual

‘ Table 3-21, for */, in studs placed in the strong position, 0, = 21.2 kips/stud.
4 n = .0, 730 kips
1 . Qn 2 1 -2 kips
stud
) # =34.4 studs | °% each side of point
; o of maximum moment
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Check the stud diameter requirements.

d,e <25,
0.75 in £(2.5)(0.65 in)
<£1.625in [s0OK]

The ¥/, in diameter studs are good.

The answer is (D).

PRACTICE PROBLEM 9

A plant engineer wants to increase the load capacity of the W30 x 108 beam shown by
installing a new column at the midpoint of the existing span. Assume that the effective
height of the column will be 20 ft and that the beam is laterally braced for the full
length. After the new column is installed, it is desired that the beam have the capacity
to support as great a load as is possible without any modification or reinforcement of

the existing columns.
- a0 ft
§ :WSO X 108 E
. 20 ft pmplos iy 20 ft 8
i
Section properties Material properties
A=317in’ I, = 4470 in* ASTM A992
d=29.8in S, =299 in’ F, =50 ksi
t,=0.545 in r.=11.9in F,=65ksi
b=105in Z,=346in’ E, = 29,000 ksi
4= 0.760 in I,=146 in*
byi2t,= 6.89 §,=27.9in’
hit,=49.6 r,=2.15in
Z,=439in’
The lightest W10 member that can be used for the new column is a
(A) W10 x 33
(B) W10 x 45
(C) W10 % 60
(D) W10 x 68

PPl « www.ppiZpass.com
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PRACTICE PROBLEMS

Determine the load capacity before the new column is installed. From AISC Manual

Table 3-2, for a W30 x 108 beam,

LRFD ASD
M, =1300 fiki
AWM P £ = 863 fi-kips
[
S 8(4,M,.) gl Mex
wold Lz Qb
w = e—
_ (8){1300 fi-kips) S
(40 &)’ _(8)(863 fi-kips)
=6.50 kips/ft (40 R)
=432 kips/ft
kips kips
. =W“L=(650 E )(40&) i [432 : )(40&)
Lold ext 2 2 aoldcu 2 2
=130 kips =86.4 kips

Determine the load capacity after the new columnn is installed. For a uniformly loaded
continuous beam with two equal spans, the governing moment is a negative moment of
-wL%/8 at the interior support; the reaction at the midpoint is 10wL/8.

LRFD ASD
s, (e
u,0cw LZ Qb
w =
_ (8)(1300 f-kips) e I
(20 &) _ (8)(863 fi-kips)
=26.0 kips/ft (20 &)’
=17.3 kips/ft
10w,L 10w,L
Ru.n:wim =T Ra,n:winl = 8
(10)(260 l‘:'1”‘)(20 ft) (10)(173 k"”‘)(20 ft)
8 8
=650 kips [t new column ] =433 kips [at new column]

PPl » www.ppiZpass.com
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3w L
Ru.ncwnt = 8"

(3)[26.0 %](zo )

8
=195 kips

[at original columns ]

3w, L :
=4 1
Ru,ncw ext 8 !
(3)(17.3 %](20 ) ,
B 8
=130 kips 1
[at original columns] i

With the added column, the beam itself will be capable of supporting a greater uniform

load; however, this maximum load would produce a greater reaction at the original )
columns than there was before. If the original columns and footings are not to require

reinforcement, this reaction must be no greater than it was before. The load capacity,

then, must be reduced so that it produces the same reaction at the original columns.

LRFD ASD
Runldext J [Rnoldext J
W, =w, — W, roteed = W, -
et - (Rv.newcxt - Raw:xt
=(26.0 klps) 130 kfps =(17.26 lclsz 86.4 k.Jps
ft 195 kips ft 130 kips
=17.33 kips/ft =11.5 kips/ft

Determine what the reduced load will be on the new interior column.

LRFD ASD
Ru.o Ra.n ex|
B rotucod ior = Ry powint (ﬁ F, ceucedior = Ra pew i ﬁl"
= (650 kips)| L20Kips — (433 kips)| 384 Kips
195 kips 130 kips
=433 kips = 287 kips

From AISC Manual Table 4-1, entering the table with an effective length of 20 ft, select
the lightest W10 that bas the available strength to support the reduced load on the new
column (433 kips for LRFD, 287 kips for ASD). This is a W10 x 68 with

LRFD

ASD

¢.P, =480 kips

P
2 =319 ki
) ps

€

The answer is (D).
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PRACTICE PROBLEM 10

The standard steel pipe shown is part of an aboveground plant water distribution
system. The pipe is not subject to freezing or seismic forces. It is subject to a lateral
wind load of 30 Ibf/ft. The supports are uniformly spaced along its length at the
maximum spacing that will limit the deflection to span/240.

B e e e e A S

& 3
Section properties ' Material properties
Wpipe = 49.6 Ibf/ft A=136in" ASTM AS3, grade B
D=1281in Dit=36.5 F,=35ksi
d=12.0in I=262in* F,=60 ksi
t=0.375in S=41in’ E, = 29,000 ksi
t4s=0.349 in r=439in

What is most nearly the required hanger strength? (LRFD options are given in
parentheses.)

(A) 6.5 kips (8.0 kips)
(B) 8.1 kips (10 kips)
(C) 12 kips (15 kips)
(D) 15 kips (18 kips)

Solution

The inside area of the pipe is

zd> (12 )’
4 4

A, = =113 in?

The weight of the water in the pipe is

s 2
| A2 4 B)

. 2 ﬁ!
(= 5)
ft

=49.0 Ibf/ft

PPl » www.ppiZpass.com
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Determine the effects of the loads on the pipe. Without wind,
LRFD ASD T [
W, o wing = 12D +1.6L W, oo wina = D+ L B
—12wp|m+l 6w = We T Wy :
Ib
~(12) 496E] 496 B 490 F
ft ft ft
=98.6 Ibf/ft
+(1.6)(49 0 E’ij !
ft
=138 Ibf/f
With wind,
LRFD ASD .
J W, o wing T ( 16wm,)2 wa=,/w:mm+wihd -
138 E) (986 E) +(30 BEY |
B R f ft J
- =103 Ibf/& (0.103 kip/ft |
+ (1.6)(30 EJ /& p/R) ]
ft [controls] )
=146 Ibf/ft (0.146 kip/f)
[ controls]

The combined loading governs. Determine the design strength (LRFD) or allowable

strength (ASD) of the pipe. From AISC Manual Table 3-15, -]'
LRFD ASD
oM, =141 ft-kips M,
b

Determine the maximum length of pipe between hangers. From AISC Manual
Table 3-23, case 42, the maximum positive and negative moments are

M =0.0772wl
M, =-0.107Twl® [governs]

Rearranging,

M_, M,

= |—msx
=0. 107w 0.107w
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The maximum deflection is

PRACTICE PROBLEMS

A = 0.0065wL’
] ET
The maximum length is limited both because the moment must not exceed the design
strength and because the deflection must not exceed span/240.
I The maximum length based on the moment not exceeding the design strength is
] LRFD ASD
} 0.107w, 0.107w,
_ | 141 fkips _ 93.8 fi-kips
] (0.107)| 0.146 k“’sj (0.107){ 0.103 KBS
i R \ R
=95 f =923 ft

- ; The maximum length based on the deflection not exceeding L/240 is

=61.4 ft [controls]

LRFD ASD
_ L _0.0065w,L' A =L _ 0.0065w,L*
T 240 EI max 240 El
. Er _ EI
(240)(0.0065w, ) \[ 240)(0.0065w, )
( k‘ps)(zsz ‘) k“’s)(zaz Y)
— m —
3| (240)(0.0065) 3 (240)(0.0065)
[0 146 k“’s) [o 103 k‘ps)
fi 4 ft
iﬂ 2 in 2
x(lz _) x[u _]
ft f

=69.0 & [controls]

PPl » www.ppliZpass.com
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Determine the maximum reaction. From AISC Manual Table 3-23, case 42,

R, =1.14wL

LRFD ASD
R, =(1.14)(0 146 klfi)s)(ﬁlA f) | R, =(1.14)(0 103 klps)(69 0 ft)

=10.2 kips =8.10 kips

Use Eq. 5.48 to check the shear capacity of pipe.

y _Fudy
"2

In this equation, F, is the larger of the values given by Eq. 5.49 and Egq. 5.50, but no
larger than 0.6F,. From Eq. 5.49,

LRFD ASD
L60E 1.60E
AT AT
5(7) 5(7)
(1.6)(29 000 k‘ps) (1.6)( k‘ps)
= 1n e
o, | D
_ (36.5)" : (36.5)"
12.8 in 12.8 in
=96.4 ksi =90.9 ksi

From Eq. 5.50,

kips
2
0.78E (078)[ 9,000 7 )

5 (D]”’ (36.5)"

=103 ksi

!
The upper limit for F, is
F, <0.6F,
kips
<(0.6
(06)(35 22}

<21ksi [controls]
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From Eq. 5.48, the shear capacity of the pipe is

J ki :
FA (21 %}(13.6111’)

1 V,= "2 L = > =142.8 kips [> R, .s00K]
l This is more than enough, so the required hanger strength is
LRFD ASD
] R, . =102 kips {10 kips) R, ... =8.10kips (8.1kips)
The answer is (B).

PRACTICE PROBLEM 11

The plate shown is welded to the flange and centered on the web of the W-column.
Assume that the flange thickness is sufficient for the weld.

A
\ P

l" | 2in ASTM A36 plate
Sin
} "v \ steel column
Material properties for plate and column

ASTM A36

F, =36 ksi
F,=58ksi
E,=29,000 ksi

g

Loa———

The maximum load that can be applied to the plate is most nearly (LRFD options are in
parentheses)

(A) 40 kips (60 kips)
(B) 50 kips (80 kips)
(C) 60 kips (90 kips)
(D) 70 kips (110 kips)

!

b
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Solution

Find the electrode strength coefficient, C, in AISC Manual Table 8-3. For E60
electrodes, C; = 0.857. Determine the coefficient C from AISC Manual Table 8-4. First
determine a.

a=fo M 55
I 95in

According to the diagram accompanying the table, when the load is not in the plane of
the weld group, take & as zero. Enter AISC Manual Table 8-4 with angle =0° and k=0,
and interpolate between the values for a = 0.500 and a = 0.600. For a = 0.526, C =
2.215.

Use Eq. 10.9 or Eq. 10.10 to determine the design load, P, (LRFD) or the allowable
load, P, (ASD).'

LRFD ASD
£ ~gCCDI » _ CC,DI
=(0.75)(2.215)(0.857)(6) Q
: 215)(0.8 e
(s 5 _eagesmiofes oo
. | 2.00
=81.15kips (80 kips) =54.10 kips (50 kips)

The answer is (B).

PRACTICE PROBLEM 12

The welded plate girder shown is fabricated from ASTM A572 steel. The distance from
the point where the loads are concentrated to the support on either side is greater than
the depth 4.

dead load = GO kips
live load = 120 kips

P .
ty=25in by |'=‘1‘5i in
—err [

te=
0.375in

| Lin= |d=

- - 71in |76 in

elevation section view

! The AISC Manual procedure is based on two weids, one on each side of the plate. It is
incorrect to multiply by two welds here.
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PRACTICE PROBLEMS

Material properties
ASTM A572, grade 50
F,=50ksi
F, =65 ksi
E, =29,000 ksi
Select the smallest bearing stiffener that will meet the load requirements.
(A) *inx4in
(B) ginx5in
(C) ‘'Hinx6in
(D) ‘finx7in

Solution
Determine the design loads.
LRFD ASD
R =12D+1.6L R =D+L
={1.2)(60 kips)+(1.6)(120 kips) =60 kips+ 120 kips
= 264 kips =180 kips

Use Eq. 6.4 to check the limit state for web local yielding.

R,=(5k+N)F,t,

=((5)(2.5 in)+0 in)[SO %)(0.375 in)
=234 kips
LRFD ASD
R, =(1.0)(234 kips) R, _ 234 kips
= 234 kips Q 1.5.
[< R, =264 kips, not OK] =156 kips
[< R, =180 kips, not OK]
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Use Eq. 6.6 to check the limit state of web crippling.

1.5
R =080 1+3(5J ]| |EE,
" " d t, l,

0in }(0375 in}"* |
=(0.80)(0.375 in)*| 1+(3
oo {222 |
(29,000 lf‘pf][so 'f‘pf‘)(z.s in)
x in in
0.375 in
=350 kips
LRFD ASD
@R, =(0.75)(350 kips) R, _ 350 kips
=263 kips Q 2. -
[< R, =264 kips, not OK] =175 kips 4 '

[< R, =180 kips, not OK]

A stiffener is required. Use Eq. 6.50 to determine the maximum stiffener width.

b,~1, 15in-0375in

b.; =7.3125in

Determine the limiting width-thickness ratio from AISC Specification Table B4.1,

case 3.
b < .56 |£- f
Lue F; ;

b
L. > —uiff
=T ™ 13.49

For a 7 in stiffener, the thickness must be

7in
(o> 0521
w6 = 73729 "
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For a § in stiffener,
6in
Lo 2 =0.44 in
=T~ 1349
For a 5 in stiffener,
f 2o 037 in
13.49
For a 4 in stiffener,
4 in
t. 2 =030 in
“T 7 13.49

Try stiffener plates 5 in wide and 3/¢ in thick. The stiffeners are not at the ends of the
member, so use Eq. 6.56 to calculate the gross area of the cross-shaped column formed
by the beam web and stiffeners.

Aur = gt e =(2)(5in){0.375 in)
=3.75 in’
Ay s = A +251,
=3.75 in® +(25)(0.375 in)’
=17.27 in’
From Eq. 6.48, the effective web length is

L, .. =25t,=(25)(0375in)=9.375 in

Calculate the moment of inertia of the cross-shaped column about the centerline of the
beam web.

(6e)  (8d°),
I =lug +1, ===+
_ g (4, +2b5q )J n (Lw.eﬂ‘ ~luim )“i
12 12
_(0375in)(0.375 in+(2)(5 in))’ L (9375in-0.375 in)(0.375 in)’
12 12
=34.94 in*

The radius of gyration for the cross-shaped column is

. 4
N VA J34.94.mz 2100
4 727in

£,cross
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STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

Determine the effective slenderness ratio for the column, using an cffective length
factor of K =0.75.

KL _Khg, _(075)(70in) . .,

r [ 2.191in

Determine the correct formula to use for calculating the critical flexural buckling stress.

=113.43 [=KL[r,so use Eq. 6.58]

From Eq. 6.60, the elastic critical buckling stress is

F = n’zEZ
=)
&

12(29,000 ’f"’f]
_ n

(24.32)’
= 484 ksi

Calculate the critical flexural buckling stress using Eq. 6.58.
F,=0658""F,

ki /gy K (e
—(0658)° w/ ™ (50 lf"’f’)

1n

=47.88 ksi

From Eq. 6.57, the nominal axial compression load capacity for the cross-shaped
stiffener column is

Rl =F crAg,mm

=(47.88 kips)(?.?ﬂ in?)

inZ

=348 kips
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i. PRACTICE PROBLEMS 13-39

Determine design strength (LRFD) or allowable strength (ASD) of the cross-shaped

E' column.
. LRFD ASD

| P, ur =9.P, =(0.90)(348 kips) p B _348Kps

. =313 kips W, 1.67

| [> R, =264 kips, s0 OK] =208 kips

[> R, =180 kips, so OK]

1

| The answer is (B).

| PRACTICE PROBLEM 13

The W10 x 88 column shown bears on a concrete pedestal of the same size as the
‘ square column base plate. The column load is P, = 600 kips (LRFD) or P, = 400 kips
A (ASD). The compressive strength of the concrete is 5 ksi.

I : N o n
- I _1
I' 0.95d |N
f_ ) ° n
) n 080 =
1 z
| Section properties Material properties
A=259 in® W10 x 88
_ d=108in ASTM A992
1 t,=0.605 in F,= 50 ksi
B b=103in F,= 65 ksi
] i 4=099 in plate
i by/2t;=5.18 ASTM A572, grade S0
] hit,=13.0 F,=50ksi
ik F,= 65 ksi

e

PPl » www.ppiZpass.com



| |
13"40 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS : 1

The smallest of the following base plates that meets the design criteria is
(A) 15inx15inx1in
B) 15inx15inx1.251in
(C) l6inx16inx1in
(D) 16inx16inx 1.25in

Solution

Determine the required area of the base plate in accordance with ACI 318 Sec. 10.17.1
(see Sec. 7.7 in this book). For the ASD method, only the total load is given and no

allocation is made between live and dead load, so multiply the total column load by the
average load factor of 1.5.

P, =1.5P =(1.5)(400 kips) = 600 kips

This modified load for the ASD method is equal to the column load for the LRFD
method. Calculate the required area of the base plate.

P, <$(0.85/]) 4

k,
4250857
600 kips 1

) (0.65)(0.85)( %1325)

2217.19 in’

For a square base plate,
BN = 4

B=N-
=-J217.19 in?

=14.73in  [use 15inx15in]
Determine the governing cantilever projection (taking A conservatively as 1.0).

N-0.95d 15in—(0.95)(10.8 in)

— :2.37 in
2 2
B-0.80b, 15in-(0.80)(103 i
n=———L= in—( 20)(1 3i0) 338 [controls]

An'=%2.[db, =G)(1)J(10.s in)(10.3 in) =2.64 in

PPl »- www.ppiZ2pass.com
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Determine the bearing stress.

PRACTICE PROBLEMS

LRFD ASD
P 600 kips P 400 kips
e Jo=7=T"3
Ay (15 in) Ayze  (15in)
= 2.66 ksi =1.77 ksi
Use Eq. 7.40 (LRFD) or Eq. 7.41 (ASD) to calculate the required thickness of the
base plate.
[=n=338in [controlling value]
LR¥D ASD
/. /1
t,,. =149 = te =1.820 |22
plate plate
£, F
=(1.49)(3.38 in) :(1.82)(3.38 in)
=1.16 in =1.16 in

Use a base plate 15in x 15in x 1.25 in.

The answer is (B).

PRACTICE PROBLEM 14

The rolled steel angle shown is to span an opening of 8 f. It will be uniformly loaded

through the y-axis.
\

PPl » www.ppli2pass.com
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STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS3

Section properties Material properties
L5x3x/gin S,=0.874 in’ ASTM A36
A=286in" r,=0.838 in F, =136 ksi
I, =735 in* X = 0.698 in F,=58 ksi
S, =2.22in’ Z,=1.57in’
r.=1.60in I,=120in*

7=1.69 in 8. =0.503 in’

Z,=393in’ r:=0.646 in

I,=2.01 in* ﬂw{ ;i-j?sig
Commentary

Table C-F10.1]

The design strength (LRFD) or allowable strength (ASD) of the angle is most nearly
(LRFD options are in parentheses)

(A) 4.4 ft-ldps (6.6 ft-kips)
(B) 5.2 f-kips (7.8 ft-kips)
(C) 6.2 fi-kips (9.3 ft-kips)
(D) 6.8 fi-kips (10 ft-kips)

Solution

The nominal flexural strength of a single angle is governed by the limit states of lateral-
torsional buckling and the yield moment about the axis of bending. First calculate the

yield moment.
M, =SF,

i (222 in’)(36 l‘i"s)

inz

12 2
f
= 6.66 ft-kips

For the limit state of yielding, from AISC Specification Eq. F10-1, the nominal flexural
strength is

M, =1.5M, =(1.5)(6.66 ft-kips)=9.99 fi-kips

PPl » www.ppiZpass.com
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; PRACTICE PROBLEMS 13-43

For the limit state of lateral-torsional buckling, without continuous lateral-torsional
restraint and with the maximum compression in the toe, start with AISC Specification
Eq. F10-6, taking C, conservatively as 1.0.

2
PEELTA Jﬂjw.osz(ﬂ] .
r

L

z

y in®
’ _ (8 )12 i—“Jz
U

(4.9)(29,000 m)(1.20 in*}(1.0)

2

2
i 375 i
o | 2400 | | (0_052)[(8 ft)(0 3'./ m)] ,240in
B 0.646 in 120
ft / ft

=23.64 fikips [>, ]

] ed

M, is greater than M,, so use AISC Specification Eq. F10-3 to determine M, for lateral-
torsional buckling.

L ' M

- (1.92—1.17 "]M
U M, |
1 M,y =|192-1.17 B8 KIS ¢ 66 i kips)
(] 23.64 ft-kips

=8.65 ft-kips [controls]

e

U 1.5M, =9.99 fkips
II Determine the design strength (LRFD) or available strength (ASD) of the angle.
: LRFD ASD
| M, <M, L
<{(0.90)(8.65 fi-kips) Q,
f <7.79 fikips (7.8 fi-kips) < 865 fi-kips
- 1.67
<5.18 f-kips (5.2 ft-kips)

r
e

The answer is (B).
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STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

PRACTICE PROBLEM 15

A steel column is part of a braced frame system and has pinned connections at both
ends. The column is subjected to the following loads,

LRFD ASD

P, =400 kips F, =267 kips
M, =250 fi-kips M, =167 ft-kips
M, =? M, ="

Section properties Matenal properties
W14 x 99 f,=1110in* ASTM A992
A=29.1in’ S, =157 in’ F,=50ksi
d=142in r.=6.17 in F, = 65 ksi
t,=0.485 in Z,=173in’
b;=14.6 in 1,=402 in*
= 0.780 in §,=55.2in’
byl2t,=9.34 r,=3.71in
t/h,=23.5 Z,=83.6in’

Determine the available design strength (LRFD) or the allowable strength (ASD) about
the y-axis. (LRFD options are in parentheses.)

(A) 56 ft-kips (84 ft-kips)
(B) 63 ft-kips (95 f-kips)
(C) 69 fi-kips (105 ft-kips)
(D) 78 fi-kips (117 ft-kips)

Solution

From AISC Commentary Table C-C2.2, case (d), the effective length factor for the
column with both ends pinned is K = 1.0. The column’s effective length is

KL, =(1.00)(14 R)=14 f

From AISC Manual Table 4-1, fora W14 x 99 with KL, = 14 ft,

LR¥D ASD

¢.P, =1130 kips ;‘;:, =751 kips

c
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PRACTICE PROBLEMS

From AISC Manual Table 6-1, the combined stress coefficients for a W14 x 99 with

KL,=14 ft are
LRFD ASD

_0.886 _1.33

p—103 kips p—103 kips
138 . 2.08

*710° fi-kips * 7 10° f-kips
285 429

Y7 10° fi-kips * 710° fi-kips

Determine the moment capacity of the member’s y-axis. Check the ratio of required
axial strength to available axial strength to determine which interaction formula to use.

LRFD ASD
P _ P _ 400kips B P _267kips
» ¢.F, 1130 kips P P 751kips

=0.354  [>0.2, souse Eq.8.5]

Q

<

=0.356  [>0.2, souseEq. 8.5]

P./P.> 0.2, souse Eq. 8.5.

pP+bM, +bM <10

p, L0=pR-b M,
by
LRFD ASD
0.886 . 1.33 .
1.0~ 400 ki 1.0-| ——=— [{267 kips
(10’ kips)( Ps) (10’ ldps)( Ps)
(138 (208
10° fi-kips 10° fi-kips
x(250 f-kips) _ x(167 f-kips)
M, = 2.85 M, = 4.29
10° ft-kips 10° ft-kips
=105.47 fi-kips (110 fi-kips) =69.35 f-kips (69 fi-kips)
The answer is (C).

PPl » www.ppi2pass.com
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13-46 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

PRACTICE PROBLEM 16
The HSS16 % 4 x '/, member shown is a flexural member with an unbraced length of
20 ft about both axes. There is no axial load on the member. The bending moment
about the x-axis is M; = 70 fi-kips (LRFD) or M, = 47 fi-kips (ASD). }
M, = 70 ft-kips g
M, = 47 fi-kips
_________________ ;IIIIII/?
0 kips 0 kips ‘.
_________________ 2'I/””/f
elevation section
Section propertics Material properties ‘
A =896 in’ r.=531in ASTM A500, grade B ]
tees=0.233 in Z, =417’ F,=46 ksi '
bit=14.2 [,=217 in* F, =58 ksi
hit=65.7 S,=13.8in’ E, = 29,000 ksi
[,=253 in’ r,=176in ‘
S.=31.6in’ Z,=152in’

The load that can be applied to the y-axis is most nearly {LRFD options are in
parentheses) '

(A) 0.08 kips/ft (0.11 kips/ft)

(B) 0.15 kips/ft (0.22 kips/ft) !
(C) 0.22 kips/ft (0.33 kips/ft) '
(D) 0.29 kips/ft (0.44 kips/ft)

Solution

From AISC Manual Table 3-12, for an HSS16 x 4 x '/, member,

LRFD ASD
oM, =142 fi-kips My _g43 fi-kips
$M,, =32.8 fi-kips Q

Moy _ 218 feki
=21.8 ft-kips
o p
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PRACTICE PROBLEMS
The axial force is zero, so use Eq. 8.2 with the first term zero.

M
_"'+_'y$1_0
M

= ¥

M’I
MO,SMQ(LO—IJ——)

cr

LRFD ASD

M, < (32.8 fi-kips) M, < (21.8 fi-kips)
«[1.0- 70 ft-kJ.ps <[ 10— 47 ft—kq:;s
142 fi-kips 94.3 ft-kips

<16.63 fit-kips <10.93 ft-kips

Determine the uniform load per linear foot that can be applied to the y-axis based on
the available design strength or allowable strength.

LRFD ASD
8M,, (8)(16.63 fi-kips) 8M,, (8)(10.93 ft-kips)
w = = W = =
s (20 ft)* R A (20 fr)*
=0.33 kips/ft =0.22 kips/ft
The answer is (C).

PRACTICE PROBLEM 17

The W8 x 35 shown is rigidly attached to the overhead structure and is 15 ft long. A
coacentric axial load is suspended from the bottom of the member, and horizontal
loads are applied to the bottom of the member in both the x- and y-axes. The vertical
and y-axis loads are known.

“

W8 x 35
Ly=15
= ?
=7
P, = 161 kips
P, = 107 kips P, = 0.75 kips
P,, = 0.50 kips

PPl » www.ppiZpass.com
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Section properties Material properties
A=10.3 i’ I.=127in* ASTM A992
d=8.12in S, =312in’ F,=50ksi
£,=0.310 in re=3.50in F, = 65 ksi
b=8.02in Z,=34.7in’ E, =29,000 ksi
1;=0.495 in 1,= 426 in*
byl2t,=8.10 §,=10.6 in’
hit, =20.5 r,=2.03 i

Z,=16.1in’

Which of the following is most nearly the load that can be applied to the x-axis without
exceeding the available strength of the member? (LRFD options are in parentheses.)

(A) 2.7 kips (4.0 kips)
(B) 3.2 kips (4.7 kips)
(C) 3.5kips (5.3 kips)
(D) 3.9 kips (5.9 kips)

Solution

For a W8 x 35 member, from AISC Manual Table 3-2,

L,=717f
L=27f
LRFD ASD
M__=130 fi-ki M
M . P _ 86.6 fi-kips
¢, M, =81.9 fi-kips Q
BF = 2.43 kips “:) =54.5 fi-kips
BF =1.62 kips
From AISC Manual Table 3-4,
LRFD ASD

¢,M ,, = 60.4 fi-kips

M
— _ 40.2 fi-kips
b
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PRACTICE PROSBLEMS

From 4ISC Manual Table 5-1, for tension, 4, = 10.3 in’.

4,=0.754,=(0.75)(10.3 in*) = 7.73 in’

For yielding,
LRFD ASD
@ P, = 463 kips P, /Q, =308 kips
For rupture,
LRFD ASD
@, P, =377 kips P, [Q, =251 kips

Rupture does not control because there are no holes in the W8 x 35 hanger. Check the
ratio of required axial strength to avaijlable axial strength to determine which
interaction formula applies, Eq. 8.1 or Eq. 8.2.

LRFD

F, 161 kips

é.P, 463 kips

LA =0.35
£,

P,/P.> 0.2, so Eq. 8.1 applies. Calculate M),

LRFD ASD
M, =B L, =(0.75 kips)(i5 ft) M,, = B,I, =(0.50 kips)(15 ft)
=11.25 fi-kips =17.5 fi-kips

Use Eq. 5.10 (LRFD) or Eq. 5.11 (ASD) to determine the maximum available moment
capacity that will not exceed the lateral torsional buckling limit state. For cantilevers or
overhangs where the free end is unbraced, C, = 1.0 (per AISC Specification Sec. F1),

LRFD ASD
(¢,M,_—(BF (M,
oM, =C,| (5F) <gM, | M,_.| 75 ~(B) | M,
x(L,~L,) g =C,| <
\ L Qb L L Qb
(130 fi-kips—(2.43) \ x(L~L,)
=(1) \ x(15 t-7.17 ft) -() (86.6 fi-kips—(1.62) J
=110.97 fikips [<130 fi-kips] L x(15R-7.17£)
=73.92 ft-kips [<86.6 f-kips]
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Use Eq. 8.1 to determine the available flexural strength in the x-axis.

M_ M
L(ﬁJ B2 P
R: 9 Mc.t Mcy
M
A/Ir):S Mcx (EJ ]0_2“_ =S
8 F) M,
LRFD ASD
M, <(110.97 ft-kips) M, <(73.92 fi-kips)
(2) 1.0— 161 kl-ps [2) 10— 107 k1.ps
y 8 463 kips y 8 308 kips
_ 11.25 fi-kips _ 7.5 fi-kips
60.4 ft-kips 40.2 fi-kips
= 60.67 ft-kips = 40.48 ft-kips
Determine the load that develops the design strength (LRFD) or the allowable strength
(ASD) about the x-axis.
LRFD ASD
I)x = MJ’I R: = MI‘X
L L
_ 60.67 f-kips _40.48 fi-kips
T 15ft 15 fi
=4.04 kips (4.0 kips) =2.69kips (2.7 kips)
Use Eq. 8.1 to check the solution.
LR¥D ASD
-R. (SJ er Mry Pr (8) M’I MPJ’
L+l = || —+— L 4| = =
PC 9 MC.K MC}' PC 9 MCX Ml.'y
60.67 ft-kips 40.48 fi-kips
. ~ki . -ki
:0.35+[§) 110.97 ft-kips - =0-35+(§) 73.92 ft ps'
9 . 11.25 f-kips 9 N 7.5 ft-kips
60.4 fi-kips 40.2 fi-kips

=0.9999 [<1.0,s0 OK]

=0.9999 [<1.0,s00K]

The answer is (A).

PPl » www.ppiZpass.com




[N
-

L

e

PRACTICE PROBLEMS

PRACTICE PROBLEM 18

The structural section shown is fabricated from three plates that are welded together in
an H shape. The welds are sufficieat to develop full section strength.

10in 0.75in

LITLLTLTLLL LS LTSS STISESS

0.75in
85in | 10in

A

5
Y e e ikl

section view |

0.75 in
Material properties
ASTM A572, grade B
F,=50ksi
F,=65ksi

Which of the following is most nearly the available flexural strength about the weak
axis? (LRFD options are in parentheses.)

(A) 87 fi-kips (130 fi-kips)
(B) 97 fi-kips (150 fi-kips)
(C) 110 fi-kips (170 ft-kips)
(D) 130 fi-kips (190 ft-kips)

Solution

Determine the elastic section modulus for the weak axis, §,. For each flange alone,

bd® _(0.75 in)(10 in)’

Sy ==¢ =12.5 in®
For the web,
2 (8.5in)(0.75in)’
s,w=b: - m)(6 ) 050 in’

For the entire section (both flanges and the web),

§, =28, +8,,=(2)(12.5 in®) +0.80 in’> = 25.8 in’

PPl « www.ppl2pass.com
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Determine the plastic section modulus for the weak axis, Z,. For each flange alone,

> . . 32
ny=bd _(0755)(10in) | oosis
4 4

For the web,

5 . G
z,w="": _ (85 ”’)(fjs m) 1200’

For the entire section (both flanges and the web),
Z,=22,+2,
=(2)(18.75 in* ) +1.20 in’
=38.7 i’

Determine whether the flanges are compact, in which case the limit state of yielding
controls. From AISC Specification Table B4.1, case 2,

A, =038 F’l
F,

—=————=6.67 [<9.15, s0 compact]

The flanges are compact and the limit state of yielding controls. From Eq. 5.15,
determine the nominal flexural strength, M,, based on the limit state of yielding.

(so ’f‘pf’)(ssj in’)
1n
F;’Z’ = in
12 —
ft
=161.25 ft-kips [controls]
M =M _ <
v kips .
(1.6)[ 50 =5 |(25.8 in®)
1.6F,S, = -
122
ft
=172 fi-kips

PPl » www.ppi2pass.com
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PRACTICE PROBLEMS

Determine the design strength (LRFD) or allowable strength (ASD).

LRFD

ASD

M, <M,

<(0.90)(161.25 fi-kips)
<145.13 fi-kips (150 f-kips)

MSM"
Q

. 161.25 fi-kips
T Le7
<96.56 fi-kips (97 ft-kips)

The answer is (B).

PRACTICE PROBLEM 19

An HSS8 x 4 x ¥/; is to be used as a beam.

Section properties
1=0.349 in
A=17.58 in’
bit=18.46
hit=19.9
I, =587 in*
S, =14.7 i’

r.=278in
Z,=188in’
I,=19.6 in*
S5,=9.8 in’
r,=1.611in

Z,=115in’

Material properties
ASTM A500, grade B
F, =46 ksi
F,=58 ksi

Which of the following is most nearly the available shear strength about the strong
axis? (LRFD options are in parentheses.)

(A) 80 kips (120 kips)
(B) 93 kips (140 kips)
(C) 100 kips (150 kips)
(D) 110 kips (170 kips)

Solution

Determine the effective web height for shear.

The web area is

hq=h-3t=8in—(3)(0.349 in)=6.95 in

A, =2hgt=(2)(6.95in)(0.349 in)

=4.85in?

PPI » www.ppiZpass.com
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13-54 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

Determine which formula to use for the web shear coefficient, C,. The height-
thickness ratio, A/t, is less than 260, so the web plate buckling coefficient is k, = 5.0
(see Sec. 11.4).

— (5)(29,000 lf‘pf‘)
.10 [&= =1.10 10/ =61.76 [>hft=192]
F kips
y \ 46 —
in

From Eq. 11.24, then, C, = 1.0. Use Eq. 11.23 to determine the nominal shear capacity.

V,=0.6F ALC,
kips

=(O.60)[46 T)(4.35 in?)(1.0)

in
=134 kips

Determine the design strength (LRFD) or allowable strength (ASD).

LRFD ASD
v, <q, v <
<(0.90){134 kips) TQ,
<120.6 kips (120 kips) <134 kips
1.67
<80.24 kips (80 kips)

The answer is (A).

PRACTICE PROBLEM 20

The connection plate shown is 1/, inch thick and is punched to receive 3, in diameter

bolts.
=25
3in i/ in
| A |
2in
—| BO
3in
— co
14in| ain < ——
— DO
Jin
T EO
2in
F
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PRACTICE PROBLEMS

Material properties
ASTM A36
F, =36 ksi
F,= 58 ksi

Which of the following is most nearly the available tensile strength? (LRFD options are
in pareatheses.)

(A) 150 kips (230 kips)

{B) 170 kips (250 kips)

(C) 190 kips (290 kips)

(D) 220 kips (330 kips)
Solution

Determine the gross area of the plate.
A =bt= (14 in)(O.SO in)=7.0 in?

Determine the net effective width of the plate. The effective diameter of a hole is /g in
larger than the nominal diameter of its bolt, so

d,,, =0.75 in+0.125 in=0.875 in

To compute the effective net width for a chain of holes, use a vanant of Eq. 4.9,
dividing each term by the plate thickness.

S2
ﬁ:ﬁ_Z%M+Z&ﬂt
t t t ¢

2
S5

b" =b_zdhok:+ E
For chain A-B-E-F,
b =14 in—(2)(0.875 in)+0 in
=1231in

For chain A-B-C-D-E-F,

b, =14 in—(4)(0.875 in)+[(2'50 in)" | (2.50 in)z]

(@@ i)  (#)@in)

=11.54 in

PPl » www.ppiZpasa.com
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For chain A-B-D-E-F,

b, =14 in—(3)(0.875 in)_'_{(Z.SO in)z (2.50 m)ZJ

(@)(7in) * (4)(3 m)
=12.12 in

Chain A-B-C-D-E-F has the least effective net width and therefore is controlling. All
clements of the plate are in contact, so the shear lag factor is I/ = 1.0. From Eq. 4.10,

A =UA =Ubt
=(1.0)(11.54 in)(0.5 in)
=5.75 in’

Use Eq. 4.2 to calculate the nominal strength based on the limit state of yielding on
the gross area.

kips - .

P,=F,4, =[36 5 J('/o in”) = 252 kips
|
Use Eq. 4.3 to calculate the nominal strength based on the limit state of rupture on :
the net section. l

kips . 2 .

P, =F,4,=|58 —|(5.75 in®) =333.5 kips
in

Yielding on the gross section is smaller and governs. Calculate the design strength
(LRFD) or the allowable strength (ASD).

F<éf, p<b
<(0.90)(252 kips) T Q, |
<226.8 kips (230 kips) < 252 kips
1.67
<150.9 kips (150 kips)

The answer is (A).
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PRACTICE PROBLEMS 13-57

PRACTICE PROBLEM 21

An HSS6 x 6 x */; member is secured to two tension tabs with 7/s in diameter through-
bolts as shown.

) 9in
9 | |

F::__:::—___::- é- :g

' i

l o o o 4

i

[ il Lyl L 2’- é

elevation
Section properties Material properties

t=0.349 in 1=39.5 in* ASTM A500, grade B
A=158in’ §=13.2id’ F, =46 ksi
bit=14.2 r=228in F,=58ksi
hit=14.2 Z=158in’

What is most nearly the available strength of the HSS member? (LRFD options
are in parentheses.)

(A) 170 kips (250 kips)

(B) 180 kips (270 kips)

(C) 220 kips (320 kips)

(D) 240 kips (360 kips)
Solution

From AISC Manual Table 5-5, for an HSS6 % 6 x */; member,

A, =7.58 in®
0.754, =5.69 in’

From the same table, for yielding on the gross section (¢, = 0.90, Q, = 1.67),

LRFD ASD

5, =314 ips . 209 ki

t

e
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For rupture on the net section (¢, = 0.75, Q, = 2.00),

LRFD ASD

@ P, =248 kips (1:":165kips

!

Determine the net area of the HSS member at the holes. The effective diameter of a
hole is '/ in larger than nominal diameter of its bolt, so from Eq. 4.7 and Eq. 4.8,

d, . =0.875in+0.125 in
=lin
A, =y tdyy,
=(2)(0.349 in)(1 in)
= 0.698 in’
A, =4,-4,
=7.58 in® —0.698 in®
=6.88 in’
Using Eq. 4.10, determine the net effective area of the HSS member at the holes.
A =UA,
=(0.90)(6.88 in”)
=6.19in* [>569in’]

Using Eq. 4.3, determine the nominal resistance to rupture.

P =FA4,

=(58 ‘fi"f)(s.w in? )

m
=359 kips

For rupture on the net section (¢, = 0.75, Q, = 2.00},

LRFD ASD
P, =(0.75)(359 kips) B, _359 kips
=269.25kips (270 kips) Q 20
=179.5 kips (180 kips)

This is less than the yielding strength, so the rupture strength controls.

The answer is (B).
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] PRACTICE PROBLEMS

PRACTICE PROBLEM 22

—

An HSS12 x 6 x '/, member has a length of 20 &.

Section properties Material properties
] £=0.465 in Z. =574’ ASTM AS500, grade B
A=153in’ 4,=19.1in* F, =46 ksi
] bit=9.9 S, =304 in’ F,=58 ksi
hit=22.8 r,=2.44in
.
| I,=271in" Z=352'in’
. S, =45.2in’ J=227 in*
| r,=42lin C=59.0in’

The available torsional strength of the HSS member is most nearly (LRFD options are
in parentheses)

(A) 60 ft-kips (90 ft-kips)
(B) 67 fi-kips (100 fi-kips)
(C) 74 ft-kips (110 ft-kips)

' ] (D) 81 fi-kips (120 fi-kips)
Solution
-
] Determine which equation to use to calculate the critical stress,

| 2.45 ’E =245 |— "
F}‘
]

=61.52 [2hft, 50 use Eq. 8.12]

] Using Eq. 8.12, the critical stress is

F,=0.6F,

J =(0.6)(46 iﬂs)

=27.6 ksi

Ll PPl = www.ppi2pass.com
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Use Eq. 8.8 to calculate the nominal torsional resistance.
T =FC

(27.6 ‘_‘i”f)(sao in?)

1n

12
ﬁ .
=135.7 fi-kips (]

Calculate the design torsional strength (LRFD) or allowable torsional strength (ASD).

LRFD ASD
T, <47, 7 < T 1357 fikips
<(0.90)(135.7 fi-kips) T Q 1.67
<122.13 fi-kips (120 fi-kips) <81.26 fi-kips (81 fi-kips)
The answer is (D).

PRACTICE PROBLEM 23

A gusset plate is to be connected to a beam with %/, in E70XX fillet welds on each side
of the plate as shown. The beam is sufficiently stiff not to control design. The plate will
be subjected to loads at an angle as shown.

% in gusset plate,
ASTM A36 dead load = 40 kips

live load = 120 kips
J/ *

i

|

]

|

i
N

7

4
|

I

|

|

i

L //
-

To resist the loads, the required length of the welds is most nearly

(A) 15in
(B) 17in
(C) 19in
D) 2lin
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Solution

Calculate the required strength.

PRACTICE PROBLEMS

LRFD ASD
P =12D+16L P =D+L
=(1.2)(40 kips)+(1.6)(120 kips) =40 kips +120 kips
= 240 kips =160 kips

Calculate the shear strength of a 316 in fillet weld. (D is the number of sixteenths of an

inch in the weld length. See Sec. 10.7.)

LRFD ASD
r, =D[1.392 k'—':'s-] [per 1/16 in] r, =D[0.928 -kis) [per 1716 in]
m n
=(5)(1.392 m) =(5)(0.928 @)
1n 10
=6.96 kips/in =4.64 kips/in

Use AISC Specification Eq. J2-5 to calculate the allowable increase in weld capacity
due to the angle of load.

F, =0.60Fy (1.0+0.50sin" 6)

kl"’S)(1+(o.50)(sin35°)"’)

iﬂz

=(0.60)(70
=51.12 ksi

Use Eq. 10.4 to determine the nominal resistance capacity of each %/ in weld.

R, o =F, A, =F,{0.707w)

=(51.12 'f‘ﬂs)(o.m?)(i in)
in 16

=11.29 kips/in [per weld]

For two %, welds, R, = (2)(11.29 kips/in) = 22.59 kips/in.

PPl » www.ppiZpass.com
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Determine the length of weld required.

LRFD ASD .
LB 240kips_ L= b 160 kigs .
IR, (0.75)(22.59 m) R g5 WP j

in Q _ in_
=14.17in (14 in) 2 1
=14.17in (141in) j

The answer is (A).

PRACTICE PROBLEM 24 1

An HSS10 x 6 x Y3 column is filled with concrete that bas a specified compressive

strength of 5 ksi. ~
Section properties Material properties |
t=0.34%9in r.=3631in ASTM AS00, grade B I. 1
_ .2 _ -3 |
A=1041in Z,=33.8in F,=46 ksi I
bit=14.2 [,=61.8in* F, = 58 ksi -
hit=25.1 S,=20.6in’ L
L=137 in’ r,=2.44in :
S, =274in’ Z,=237i0’

Which of the following is most nearly the available shear strength about the strong
axis of the column? (LRFD options are in parentheses.)

(A) 75 kips (110 kips)
(B) 92 kips (140 kips)
(©) 100 kips (160 kips)
(D) 124 kips (190 kips)

Solution

According to 4ISC Specification Sec. 12.1d, the available shear strength for a filled
concrete column is the shear strength of the steel section alone or that of the concrete
section alone, whichever is greater. Calculate the shear strength of the steel section
alone. The effective height is
hg=d-3t
=10 in—(3)(0.349 in)
=8.95in
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The shear area is
A, =2hgt=(2)(8.95in}{0.349 in) = 6.25 in’

The shear strength is found from Eq. 5.44. From the criteria at the end of AISC Manual
Table 1-12, the web shear coefficient, C,, is 1.0.

V,=0.6F A.C,
kips

=(0.6)(46 3 ](6.25 in*)(1.0)

=173 kips

Calculate the shear strength of the concrete alone, neglecting reduction of the concrete
area due to the rounded comers. The concrete area is

A =bd =(b-2)(d-2)
=(6 in—(2)(0.349 in))(10 in—(2)(0.349 in))
=49.32 in®

From ACI 318 Eq. 11-3, the shear strength is

V. =24 f'b,d=24fA,

Tbf
in’

1000 M

kip

(2)(1.0),/5000

(49.32 in?)

=6.97 kips

The factor A is 1.0 for normal weight concrete. The nominal shear strength of steel
section is greater and controls. Determine the design shear strength (LRFD) or
allowable shear strength (ASD).

LRFD ASD
V.soV, v <te
<(0.90)(173 kips) T Q,
<156 kips (160 kips) < 173 kips
1.67
<104 kips (100 kips)
The answer is (C).
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PRACTICE PROBLEM 25

Two ¥/, in fillet welds are needed for the tension brace shown. Use E70 electrodes.

3 in thick gusset
plate

dead load = 14.4 kips
live load = 43.2 kips

Section properties Material properties for angle
A=267in° S,=1.16 in® and gusset plate
L=4.15in" r,=1.05in S
S.=148 i’ Z,=2.06 in’ F,=36ksi
=125 L=138ia" el
Z,=2.66 in’ S. =0.555in’
1,=2.96 in" r:=0.719 in

The required length of each weld is most nearly
(A) 5'%in
(B) 6in
(©) 6'%in
©® 7in

Solution

Calculate the required design strengths.

LRFD ASD
P =12D+16L P =D+L
=(1.2)(14.4 kips) =14.4 kips +43.2 kips
+(1.6)(43.2 kips) =57.6 kips
=86.4 kips

PPl * www.ppl2pass.com
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PRACTICE PROBLEMS

The minimum weld size, based on AISC Specification Table J2.4, is ¥/ in. The
maximum weld size at a rolled edge is the nominal edge thickness (in this case, */; in)
less Y6 in. Therefore, the maximum weld size that can be used is %/, in, and this will
produce the shortest weld length.

Calculate the required length of weld. D is the number of sixteenths of an inch in the
weld size. (Sec Sec. 10.7.)

LRFD ASD

R = D[l 392 k"”) [per 116in] %=D(0928 k'ps) [per 1/16 in]

—(5)[1 392 k“’s) (5)(0 928 k“’s]

in in
=6.96 kips/in =4.64 kips/in
= P“ L= P"
¢Ru R"
_ 86.4 kips ?7 6l
R .6 kips
6.96 ps = kips
in 4.64
=12.41in in
=124 1in

The length of the weld is distributed equally to the toe and heel of the angle.

=6.2 in

Use 6.5 in. Check the minimum weld length. From AISC Specification Sec. J2.2b, this
is four times the weid size.

L. =4w
5.
=(4)| — In
(@[3 in)
=1.25in
Two 6.5 in welds are OK.
The answer is (C).
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PRACTICE PROBLEM 26

STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

The tension brace shown in Prob. 25 is to be connected instead with ASTM A325X
bolts. Bolt holes are standard size and spacing is 3 in.

Section properties
A =267 in’ S, =1.16in’
L=4.15in" r,=1.05in
S. =148 i’ Z,=2.06in’
r=125in =138 in*
Z,=2.66 i’ S, =0.555in’
1,=2.96 in" r;=0.719in

Material properties for angle
and gusset plate

ASTM A36 steel
F, =36 ksi
F,=58ksi

How many */, in ASTM A325X bolts are required for the tension brace?

(A)
B)
©
o)

two
three
four

five

Solution

Calculate the required design strengths.

LRFD ASD
P, =12D+1.6L P=D+L
=(1.2)(14.4 kips) =14.4 kips +43.2 kips
+(1.6)(43.2 kips) =57.6 kips
=86.4 kips

The applicable limit states are single shear o

n the bolt and the bolt bearing on the /3 in

thick angle leg. Determine the number of bolts required based on single shear on the

bolt. From AJSC Manual Table 7-1,

LRFD

ASD

@,r, =19.9 kips/bolt

r
2 —13.3 kips/bolt
a ps/

v

P, _ 86.4 kips
Va2 19.9 @
boit

=4.34 bolts [5 boits]

P, 57.6 kips
T 133 kips
Q bolt

v

=4.33 bolts |5 bolts]




PRACTICE PROBLEMS

Check bearing on the */ in thick angle leg. From AISC Manual Table 7-5,

LRFD ASD
kips r kips ]
=783 ——— 1t m=[922 —— —— |t
o, [ . thickness) Q, ( in thickness
=(7s.3 _—lf‘—ﬁs‘—](g in) =(52.2 -,——IT‘L)(E in
in thickness /\ 8 in thickness /\ 8
=294 kips [per bolt] =19.6 kips [per bolt]
P, _ 86.4 kips __B _576kips
Ve 293 kips " 196 kips
bolt Q, bolt
=2.95 bolts [3 bolis] =2.94 bolts 3 bolts]

The limit state of single shear controls, and five bolts are required.

The answer is (D).

PRACTICE PROBLEM 27

The compression flange of the W16 x 26 steel beam shown is braced at 3.5 ft centers.
The tension flange contains holes for %, in diameter bolts in pairs at 2 ft centers to
support a movable partition.

Z

AN

saction view
Section properties Material properties

A=1.68 in® I.=301 in* ASTM A992
d=15.7in S, =384 in’ F,=50ksi
t,=0.25in r.=6.26 in F,= 65 ksi
by=5.50 in Z,=442i0’
tr=0.345 in I,=9.59 in*
byl2,=7.97 §,=349in’
hit,=56.8 in r,=1.12in

Z,=548in’

PPl » www.ppi2pass.com
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Which of the following is most nearly the available flexural strength of the steel beam?
(LRFD options are in pareatheses.)

(A) 57 fr-kips (85 ft-kips)
(B) 67 fi-kips (100 fi-kips)
(C) 85 fi-kips (130 ft-kips)
(D) 110 f-kips (170 ft-kips)

Solution

The actual unbraced length is 3.5 ft, which is less than L, = 3.96 f, so the compression
flange is capable of reaching its full plastic moment. Determine whether the available
flexural strength has to be reduced as a result of the holes in tension flange.
A, =bt, = (5.50 in)(0.345 in)
=1.90 in’
dy.=075in+0.125 in
=0.875 in
A, =y tdy, =(2)(0.345 in}{0.875 in)
=0.604 in®
A, = A, —A,=190in"-0.604 in’
=1.30 in’

Use Eq. 5.39 to check whether the limit state of tensile rupture applies.

F A, [65 kl"S)(l 30 in? ) =84.5 kips

klps

Y,F,A (1)[

F A, <YF A4 [tmsile rupture does not apply]

)(1 90 in’ ) =95.0 kips

From Eq. 5.40, the nominal flexural strength is limited by

p
M, < ﬂ:&}s,
\ Afz

(65 klpsJ(l 30 in®)
\ (1.90 inz)[12 E]

<142 fi-kips

IA

(38.4 in®)




PRACTICE PROBLEMS

Determine the design streagth (LRFD) or allowable strength (ASD).

LRFD ASD
M, <M, v <M. _ 142 fi-kips
<(0.90)(142 fi-kips) tQ, 1.67
<128 fi-kips (130 fi-kips) <85.0 fi-kips (85 fi-kips)
The answer is (C).

PRACTICE PROBLEM 28

A fully composite steel beam is shown. The beam’s plastic neutral axis is at the bottom
of the top flange. A 4 in thick concrete slab is placed directly oa top of the beam (no
formed steel deck). The shear studs are */, in in diameter by 3.5 in long. The concrete
has a design compressive strength of 4 ksi and a unit weight of 145 Ibf/ft>.

dead load = 0.31 kipslft W18 x 35
live load = 0.93 kips/ft

1

How many shear studs are required?
(A) 20 studs
(B) 26 studs
(C) 30studs
(D) 34 studs

Solution

From AISC Manual Table 3-19, with the plastic neutral axis (PNA) located at the
bottom of the flange, £0, = 260 kips. From AISC Manual Table 3-21, for *, in
diameter studs with no deck, 0, = 26.1 kips/stud. The number of studs required on each
side of the point of maximum moment is

n :—-—ZQ" =--—--——260 klpS =10 studs

0, 6 Kps
stud
For two sides, a total of 20 studs are required.

The answer is (A).

PPl » www.ppiZpass.com
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PRACTICE PROBLEM 29

The column shown is part of a braced frame and is pinned at both ends. The moments
about the weak axis are M, , = 4 fi-kips and M, = 12 ft-kips.

dead load = 17.5 kips
live load = 52.2 kips
Yoiiiss L e

W12 x 50

KL, = KL, = 20t

Section properties Material properties
A=14.6in’ I, =391 in* ASTM A992
d=122in S5, =64.2 in’ F,=50ksi
t,=0370 re=5.181in F, =65 ksi
b= 8.08 in Z.=719 i’
t;=0.640 in I,=563 in*
byl2t; =6.31 §,=13.9i0’
hit,=26.8 r,=1.96 in

Z,=213in’

What is most nearly the available flexural strength about the strong axis? (LRFD
options are in parentheses.)

(A) 24 ft-kips (36 ft-kips)
(B) 30 fi-kips (44 fi-kips)
(C) 37 ft-kips (55 fi-kips)
(D) 46 ft-kips (68 ft-kips)

e — . SS—
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Solution

Determine the required strengths.

PRACTICE PROBLEMS

LRFD ASD
P =12D+1.6L P =D+L
=(1.2)(17.50 kips) =17.50 kips +52.20 kips
+(1.6)(52-20 kips) =69.70 kips
=104.52 kips
M, =12M,+1.6M M, =M_,+M,
=(1.2)(4 ft-kips) =4 ft-kips +12 fi-kips
+(1.6)(12 ft-kips) =16.0 fi-kips
=24.0 ft-kips
Determine the ratio of required axial load to available axial load. From AISC Manual
Table 4-1,
LRFD ASD
¢.F, =220 kips F 146 kips
F, _104.52 kips Q.
¢.F, 220 kips P, 69.70 kips
=048 [>020] P, 146 kips
Q,
=0.48 [>0.20]

The ratio of required axial load to available axial load exceeds 0.20, so use Eq. 8.5 to

determine the effects of the combined loads.

LRFD

ASD

PP, +b .M, +b M, <1.0

PP, +b M, +b M, <1.0

Determine the combined stress coefficients from AfSC Manual Table 6-1,

LRFD

ASD

px10® =4.55 kips™

b, x10° = 4.64 (fi-kips)”
. =1

b, x10" =11.1 (ft-kips)

px10° = 6.84 kips™

b, x10° = 6.97 (fi-kips)™
. =1

b,x10" =16.7 (ft-kips)

PPl « www.ppiZpass.com
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Solve for the flexural strength around the strong axis.

LRFD ASD
” 1.0-pP,-b M, y 1.0-pF, -b M,
uxr bx ax b‘r
Lof_255 Lo_f 684
' 10° kips ’ 10’ kips
x(104.52 kips) %{69.70 kips)
(1L (167
10° fi-kips 10° fi-kips
. x(24.0 R-kips) . (160 f-kips)
= 464 = 6.97
10° fi-kips 10’ fi-kips

=55.6 fikips (55 f-kips)

=36.7 fi-kips (37 fi-kips)

The answer is (C).

PRACTICE PROBLEM 30

The I-shaped section shown is fabricated from plate steel and is welded together with
fillet welds. The maximum shear due to a uniformly distributed load is ¥ = 14 kips

and ¥, =42 kips.

Bin| 4675in

0.625in

PPl » www.ppiZpass.com
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PRACTICE PROBLEMS

Material properties
ASTM A572, grade B
F, = 50 ksi
F,= 65 ksi
Determine the required size of fillet weld if E70 electrodes will be used.
(A) 'gin
(B) sin
(C) *in
® Yin

Solution

The distance in the y-direction from the centroid of the section to the centroid of one

flange is
_ h, 4
D
_16.75 in+0.625in
2 2
=8.69 in

Determine the required section properties.

A, =bt,=(7.5in)(0.625 in)=4.69 in’
4,=d,t,=(16.75in)(0.375 in)=6.28 in’

2

byt
I,=I+A4y =——{2f + 4y’

5in)(0.625 in)’
_(750)(0625 1) | 4 69 in?)(8.69 in)’
12
=354 in*
; Ly _(0375in)(16.75 in)’
Y12 12
=147 in*
I=1,+2I,=147 in* +(2)(354 in*)
=855 in*

Compute the static momeat of the flange about the neutral axis of the member.

O, = 4,7 =(4.69 in®)(8.69 in) = 40.8 in’
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Determine the required shear resistance.

STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

LRFD ASD
V,=12V, +1.6F, V,=V,+V,
=(1.2)(14 kips) =14 kips +42 kips
+(1.6)(42 kips) =356 kips

= 84 kips

Determine the horizontal shear stress at the flange-web interface.

LRFD

ASD

V,0, (84kips)(40.8in°)
T, = =
' I,  (855in*)(0.375 in)
=10.7 ksi

.o, (56 kips)(40.8 in’)
"1, (855in*)(0.375 in)
=7.13 ksi

Determine the horizontal force per inch.

LRFD ASD
Thperines = Cabw Thperineh — Fabw
( l?nsz(o 375 in) ( l:ps)(o 375 in)
=4.01 kips/in =2.67 kips/in

Find the required length of weld to resist the horizontal force. D is the number of
sixteenths of an inch in the weld size. (See Sec. 10.7.}

LRFD ASD
T S Ty perinch T STy oo inc
D(l 392 k’psj D(O 928 k“’s)
m n
r r
D= L D= a
1.392 Xaps 0.928 KPS
m m
401 KPS 2,67 KBS
< in < _in
1392 Kips 0.928 Kps
lD m
<2.88  [use3/16in weld] <288  [use3/16in weld]
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Use AISC Specification Eq. J4-3 to check the minimum required web thickness for

PRACTICE PROBLEMS

shear yielding for two ¥/, in fillet welds.

LRFD ASD
¢R, =p(0.60F, A4, ) %_ _ 0.60;;Ag
kips]
=(1.0}{0.60)| 50 i
(10X )[ in? (0.60)[50 lf‘—"j‘](o.sﬂs in®)
. _ n
x{0.375 in*) 15
=11.25 ksi =7.50 ksi
[> 10.7 ksi required, so OK | [> 7.13 ksi required, so OK ]

Use two %/ |4 in fillet welds.

The answer is (C).

PRACTICE PROBLEM 31

The angle brace shown is 8 ft long and is connected to gusset plates at each end

through the same leg with a minimum of two bolts.

[

Y
I
I
|
I
|
1
|
i 7/
N
P
|
rd
¢
1
|
|
|
|
A
Section properties
A, =4.75 i
L=I=113in"
S,=§,=3.15in’

re=r,=153in

Z.=Z,=566in’

Material properties
ASTM A36
F,=36ksi
F,=58ksi

PPl » www.ppi2Zpass.com
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STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

The gusset plate and bolts are not the governing limit states. Which of the following is
most nearly the design strength (LRFD) or the allowable strength (ASD) of the angle?
(LRFD options are in parcntheses.)

(A) 49 kips (73 kips)
(B) 54 kips (81 kips)
(C) 62 kips (92 kips)
(D) 68 kips (102 kips)
Solution
Determine which equation to use for calculating the effective slenderness ratio.
in
S ft)j12 —
LG
r. 1.53in
=62.7 [<80,so use Eq. 7.25]

From Eq. 7.25, the effective slenderness ratio is

A8 72+ 0.75(-5-}

r, r,

=72+(0.75)(62.7)
=119

Determine whether to use Eq. 7.6 or Eq. 7.7 for computing nominal strength.

471 ’—E-=4.71 — o
F,

=133 [> kL/r,, s0 use Eq. 7.6]

Use Eq. 7.8 to find the elastic critical buckling strength to use in Eq. 7.6.
F, = rE 2
L20
rx
n’(29,000 k’ps)

in?.
(119’
=20.21
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From Eq. 7.6, the nominal strength is

F,=0658""F

=(0.658) D —[

=17.1ksi

PRACTICE PROBLEMS

lops)
n

Determine the design strength (LRFD) or allowable strength (ASD) of the angle.

LRFD ASD
F<pF =¢F 4, B _FA4
“TQ  Q
<(0. 90)( klps](4 75 in?) _
N [17 1 pSJ(Ms in’)
<73.1kips (73 kips) . in
B 1.67
<48.6 kips (49 kips)

The answer is (A).

PRACTICE PROBLEM 32

A HSS18 x 6 x %/,5 beam spans 30 ft with a uniform dead load of 0.20 kips/ft and a live

load of 0.60 kips/ft.

Sectional properties Material properties
t=0291 in Z,=73.1in’ ASTM A500, grade B
A=134in’ f,=913 in* F, =46 ksi
bit=176 §,=304in’ F, =65 ksi
hit=589 r,=2.61in
I.=513 in* Z,=33.5in’

§.=57in’ J=257 in*
=6.18in C=58.7 in’

Which of the following is most nearly the torsional load that can be applied to the beam
without exceeding its available strength? (LRFD options are in parentheses. )

(A) 38 fi-kips (57 fi-kips)
(B) 44 fi-kips (66 fi-kips)
(C) 49 fi-kips (74 fi-kips)
(D) 54 fi-kips (81 fi-kips)
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Solution

Determine the required resistance for uniform loads.

LRFD ASD
w, =1.2D+1.6L w,=D+L
=(1. )[0 20 k‘gs) =0.20 l“f‘t’s +0.60 k‘;s
=0.80 kips/ft
+(1.6)[0 60 k‘ps) /
it
=1.20 kips/ft
k]ps) klps)
12 K5 )30 ) (0 80 KI5 (30 )
Vuzw;L_ ; Va=w§L= R2
=18.0 kips =12.0 kips
p ( k‘PS)(so fr)’ o (o 80 k‘é’s)(so f)’
M.= w‘é - 8 M.==g = 8
=135 ft-kips =90 fi-kips
The effective height is
hy=d-3t
=18 in—(3)(0.291 in)
=17.lin

Use Eq. 5.44 to determine available shear strength.
V,=06FAC,

Determine'the applicable formula to use for the web shear coefficient, C.,.

— (5)(29 000 k“’s)
110 |22 =1.10 =
F, 50 —B°
m

=59.24 [> hfr, =589, s0 use Eq. 5.45]

From Eq. 5.45,

PPl * www.ppiZpass.com
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PRACTICE PROBLEMS

For two webs,
A,=2n =(2)(17.l3 in)(0.291 in)
=9.97 in?
From Eq. 5.44, the available shear strength is
V,= 0.6F;AWC,
kips .2
=(0.60)| 46 9.97 1.0
( )( iﬂz )( 1 )( )

=275 kips

Use AISC Manual Table 3-12 to find the available flexural strengths.

LRFD ASD

oM, =252 R-kips

M
= =168 fi-kips
Q

b

Use Eq. 8.8 to determine the nominal torsional strength.
T,=FC

Find the applicable formula for the critical stress.

3 29,000 B8

245 f—=2.45 —
F, \ 50 P
mn

=59.00 [>h/t =589, souseEq. 8.12]
From Eq. 8.12, the critical stress is

kips
-mz

F, =0.6F, =(0.60) (46 ) = 27.60 ksi

From Eq. 8.8, the nominal torsional strength is

T.=F.C

(27.60 l:lpsz(ss.? in’)

122
ft
=135 ft-kips

PPl - www.ppiZpass.com
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13-80 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

Calculate the available torsional strength.

LRFD ASD
¢, T, ={0.90}(135 ft-kips) T, _135ftkips .00 fi-kips
=121.5 ft-kips Q, 1.67

Use AISC Specification Eq. H3-6 to determine the available torsional strength for
combined loading effects.

2
ﬂ_‘_ﬂ_!__"_l__l_}_}_ <1.0
P M)V T,

E M,

LRFD ASD

( )

JI'O—%_qﬁ_iJJH— 1.0_%_ ::a
S(AT,) e - ° ('_QJ
&) |4

o, Qr N v,
<(121.5 fi-kips) V.

( 3 \ gv /

0 kips .
1.0- <(80.8 fi-kips)

it / .

8 _ 135 f-kips 100 kdps }
252 ft-kips P

18 kips _ 90 ft-kips
- _ g =
L (0.90)(275 kips) | 168.1’: kips
=74.03 ft-kips (74 f-kips) _ 12 kips
275 kips
\ 1.67 )
=49.17 fikips (49 ft-kips)

This problem illustrates how effective a closed tubular section is at resisting torsional
loads.

The answer is (C).
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PRACTICE PROBLEM 33

Twelve %/, in A325-N bolts are used in the beam-to-column moment connection shown.
Assume that the plate-to-column welds are designed to develop the capacity of the
bolts and that the limit states for column flange and web are satisfactory. The standard
gage for a hole in the flange of a W18 x 35is 3.5 in.

column flange

3
-5 % 6 plate

e | -W18 x 35
/

¢>

i | l \%xsplate

¥ 3in 3in 3in

{not to scale}

Material properties
W18 x 35 plates
ASTM A992 ASTM A36
F,=50ksi F,=36ksi
F, =65 ksi F,=58 ksi

Which of the following is most nearly the moment capacity of the connection? (LRFD
options are in parentheses.)

(A) 68 ft-kips (100 fi-kips)
(B) 83 fi-kips (120 ft-kips)
(C) 95 fi-kips (140 ft-kips)
(D) 110 fi-kips (160 ft-kips)

Solution

At each flange, six bolts in single shear bear on the flange of the beam and on the plate
welded to the column flange. The flange is thicker than the plate, so the plate bearing is
more critical than the flange bearing.

PPl » www.ppl2pass.com
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13‘82 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

Determine the available strength of the bolts in single shear. From AISC Manual

Table 7-1,
LRFD ASD
¢vrn = 159 k]pS/bOIt r" = l06 k.lpS/bOlt
bR, =n(g,) 2,
kips R, _nr, T
=(6){ 15.9 —— Sl
( )( bolt) Q, Q (QJ
=95.40 ki i
ps =(6)(10.6 m)
bolt
= 63.6 kips

Determine the available strength of the bolts bearing on moment plates. From
AISC Manual Table 7-5,

LRFD ASD
,r, =78.3 kips/in of thickness T2 =522 kips/in of thickness
¢an = ﬂ'( vru )t QI’
kips R, %
={6)| 78.3 =n t
( )( in of thickness) Q, (Q,J
%(0.375 in) =(6)[52.2 kips J
=176.18 kips in of thickness
x(0.375 in)
=117.45 kips
Use Eq. 4.2 to determine the available gross section yielding strength of the flange
plates.
A =bt= (6n)(0.375in}=2.25 in®
P=F,4, =(36 lf‘pf)(z.zs in?) =81.0 kips
in
LRFD ASD
¢.P, =(0.90)(81.0 kips) ﬁ_= 81.0 kips
=72.90 kips Q,  L67
=48.5 kips

PPl » www.ppiZpass.com
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PRACTICE PROBLEMS 13-83

Determine the available net section rupture strength of the flange plates. The area of the
holes is

Ay, = Py tdyg,
= et (o +0.125 in)
=(2)(O.375 in)(0.75 in-+-0.125 in)
=0.66 in®

The effective net area is

A =4,=4 A4, =225in’-0.66 in> =1.59 in’

From Eq. 4.3,
LRFD ASD
¢F =054, £ _EA
Q Q
= (0.75)[58 k“’s](l 59 in?) L
[58 ps)(l 59 in?)
=69.2 kips _
2.00
=46.1 kips

Use Eq. 9.1 to determine the available block shear strength of the plates.
=0.60F, 4, +U, F 4, <0.60F A +U, FA,
Tension stress is uniform, so
U, =10
Calculate the gross and net shear areas and the net teasion area.

A, =2Lt=(2)(9 in)(0.375 in)=6.75 in’

A, =(2L-ndy, )
=((2)(9 in)-(2)(2.5)(0.875 in))(0.375 in)
=5.11in?

A, =(b—ndy, )t
=(3.5 in—(2)(0.5)(0.875 in))(0.375 in)
=0.98 in’



13‘84 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS ]
}
From Eq. 9.1, ]
(0.60F, 4 +U,,F,4, |
klps . 2 k:ps . 2 1
=(0.60)| 58 (5.11in?)+(1.0)| 58 (0.98 in*)
in’ in? ;
=235 kips _
Rn < 'I-
0.60F, 4, +U,,F,4,, |
—_-(0.60)[ k‘ps)(ﬁ 75 in?)+ (1.0)( lclps)(0 98 in?)
in
| =203kips [controls] ]
Calculate the available block shear strength. J
LRFD ASD k
|
@R, =(0.90)(203 kips) R, _203 kips i
=182.7 kips Q 200 1
=101.5 kips j
The controlling limit state is net section rupture with ¢,P, = 69.2 kips and P/, = 1
46.1 kips. Determine the available moment capacity. [
LRFD ASD
M, =(¢P)d
uMJ. | P EAY
_ (69.2 kips)(17.7 in) Q,
o In _(46.1kips)(17.7 in) ]
ft B in
=102 f-kips (100 fi-kips) 2% |
=68.0 fi-kips (68 fi-kips) '
]
The answer is (A). ]
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PRACTICE PROBLEM 34

The top flange of the W-beam shown is laterally braced the entire length. The bottom
flange is braced at the supports and at the end of the cantilever.

dead load = 0.33 kips/ft
live load = 1.00 kips/ft

7 AL v, = point %’ Ar
of zero
X shear
30t 10 ft
a0 ft

The lightest W16 section of ASTM A992 steel that meets the strength requirements is
(A) W16x26
(B) Wi6x3l
(©) WI16x36
(D) WIl6x40

Solution

The uniform load is

LRFD ASD
w, =1.2w, +1.6w, w,=w,+w,
=(12){ 033 K& =033 KBy g0 KIP
ft ft fi
=1.33 kips/ft
+(L. 6)(1 00 k‘p) /
ft
=2.0 kips/ft
The total load is
LRFD ASD
W =wL W =WL
(2 0 k“’s)(alo ft) (1 33 k’ps)(zm ft)
ft ft
=80 kips =53.2 kips
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13-86 STEEL DESIGK FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

The required flexural strength is
LRFD ASD
M. = wuLzazmilcvu' My = WaLf;ﬁm
(2 0 k’;S)(lo )’ (1 33 klsz(lO f)’
B 2 B 2
=100 ft-kips =66.5 fi-kips
The reactions at left and right are
LRFD ASD
wL’ w_Lz
Rp=——2t— Rp=—2—

moment arm
(2 0 k"’s)(40 ft)’
ft
2
30 fi
=53.3 kips
R, =W,—R,,
=80 kips—53.3 kips
=26.7 kips

moment arm
(1 33 k‘;sj(zto ft)’

2
30f

=35.5 kips

R =W, —R 4
=53.2 kips—35.5 kips
=17.7 kips

Determine the point of zero shear. (X is the distance from the left support.)

LRFD

PPl « www.ppliZpass.com
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PRACTICE PROBLEMS 13-87

Determine the maximum moment between supports,

LRFD ASD
2 2
Mu = Ru.LX_ w"f Ma = Ra.LX_ wﬂf
=(26.7 kips)(13.4 ft) =(17.7 kips)(13.3 ft)
[2.0 m)(13.4 fr)’ (1.33 m)(us fr)’
~ f ~ f
2 2
=178 ft-kips =118 ft-kips

Check the design strength (LRFD) or allowable strength (ASD) and other qualities of
each possible W16 section in A/SC Manual Table 3-2 to see whether they are adequate.
Start with the lightest of the options and check each in turn until an adequate one is
found. For a W16 x 26,

L,=396ft [<L,=10# 0OK]
L =112 % [>L,=10f OK]

LRFD ASD
M _=166 ft-kips M
UM, e £ ~110 fi-kips
[< M, =178 fikips, not OK ] Q,
. [« M, =118 fi-kips, not OK ]
oM, =101 ft-kips v
[>M__ 4 =100 fi-kips, OK] Q" =67.1 ft-kips
b

@V, =106 kips [> 33.33 kips, OK] [> M . =665 fekips, OK]

Vor =70.5 kips
Q
[> 22.17 kips, OK]

A W16 x 26 is not adequate. Fora W16 x 31,

L,=413f [<L =108 0K]
L =119ft [>1I,=10f OK]
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STEEL DESIGN FOR THE CIVIL FPE AND STRUCTURAL SE EXAMS

LRFD ASD
=203 fi-ki K M
oM, kips [>M,,0K] EX =135 ft-kips [> M,., OK]
¢M, =124 fkips [> M OKI |

X

¢V, =131 kips [>33.33 kips, OK]

= =824 fi-kips [>M_ e OK]

o

2

Q‘ =87.3 kips [>22.17 kips, OK]

=

The W16 x 31 is the lightest member with sufficient strength.

The answer is (B).

PRACTICE PROBLEM 35

A W10 x 60 A992 steel column is 16 fi tall with translation and rotation fixed at both
ends of the column and for both axes. The column supports a coacentric axial dead
load of 13 kips and a concentric axial live load of 39 kips. There is no moment about
the y-axis. Take the lateral-torsional buckling modification factor as C, = 1.0. Which
of the following is most nearly the maximum moment that can be placed on the x-axis?
(LRFD options are in parentheses.)

(A) 133 fi-kips (220 ft-kips)

(B) 142 ft-kips (237 fi-kips)

(C) 150 ft-kips (257 f-kips)

(D) 166 ft-kips (280 fi-kips)
Solution

Determine the required axial resistance.

LRFD ASD
P =12D+16L P=D+L
=(1.2)(13 kips)+(1.6)(39 kips) =13 kips+39 kips
=178 kips =52 kips

From AISC Commentary Table C-C2.2, the effective length factor for a column with
both ends restrained against rotation and translation is K = 0.65. The effective length of
the column is

KL=(0.65)(16 ft)=104 ft

PPl » www.ppl2pass.com
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PRACTICE PROBLEMS 13-89

! Determine the effective siendemess ratio.

(0.65)(16 ﬁ)(lz %J

—= - =48.6
| r, 2.57 in
) Determine which formula to use to compute critical stress.

} i 4.71 E-——-_ !

'@ =113 [> KL/ry, so use Eq. 6.58]

1 From Eq. 6.60, the elastic critical buckling stress is
| o )
- F= ”zEz= 0" J 121 ksi
. [ KL ) (48.6)°
_ r
|
3 From Eq. 6.58, the critical stress is

F,=0658""F

1 _(0 658 m—/tzl ( klpSJ

| n

’ =42.1 ksi

5 Use Eq. 6.57 to determine the nominal compressive strength, From AISC Manual

) Table 1-1, the area of a W10 x 60 is 17.6 in’.

;4 P=FA

]

klps

? ( )(17 6 in*)

=741 klps

g The available compressive strength is

} i )

: LRFD ASD

| |  B=¢r __P, _ 74l kips
=(0.90)(741 kips) Q. L67
=667 kips =444 kips
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13-90 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

Calculate the ratio of required compressive strength to available strength to see whether
Eq. 8.1 or 8.2 applies.

LRFD ASD
P P 78kips PP 52kips
P 9P 667 kips P P a44kips "
=0.12  [<0.2, Eq. 8.2 applies] Q,
=0.12 [< 0.2, Eq. 8.2 applies]
From Eq. 8.2,

M M
E +| —+—21<1.0
2 (M, M

cx ey

Determine the available flexural strengths about the x- and y-axes. For the x-axis, from
AISC Manual Table 3-2 and Eq 5.10 (LRFD) or Eq. 5.11 (ASD) and taking C, as 1.0,

LRFD ASD
G, (¢5Mpx_BF(Lb-Lp)) Cb[Mp' —BF(L,,—LP))
=(1.0) A ?’(’)
280 fi-kips =(1.0)

oM, <{ x| —(3.8kips) Ll
<4 xj  —(2.53 kips)

x(16 ft—9.08 ft) =
=253.7 fikips [controls] x(16 ft—9.08 ft)
L¢,,M“ =280 ft-kips =168.5 fi-kips [controls]

X

o

M, .
£~ =186 ft-kips

b

“

For the y-axis, from AISC Manual Table 34,

LRFD ASD
¢,M,, =131 R-kips

M
2 =873 fi-kips

b

Determine the design strength (LRFD) or allowable strength (ASD) for the strong axis.
From Eq. 8.2,
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LRFD ASD
M, <(253.7 fi-kips) M, <{168.5 fi-kips)
1L0- 78 kips 10— 52 kips
(2)(667 kips) y (2)(444 kips)
_ 0 fi-kips __ 0 fi-kips
131 f-kips 87.3 ft-kips

=239 fi-kips (240 fi-kips) =159 fikips (160 fi-kips)

The answer is (C).

PRACTICE PROBLEM 36
In the bolted bracket shown, bolt holes are spaced at 3 in centers.

10in

— R
h-]

0 0O 0 0O

L ASTM A36 plate

ASTM A992 column
> W-column flange
ff =0.6in

Ly e o e e o e e e L,

-

1 Material properties

column flange bracket plate bolts

ASTM A992 ASTM A36 ASTM A325X
F, = 50 ksi F, =36 ksi diameter = /4 in
F,=65ksi F,= 58 ksi

Which of the following is most nearly the maximum load that the bracket can safely
support and the minimum plate thickness? (LRFD options are in parentheses.}

(A) 22 kips and 0.250 in (33 kips and 0.250 in})
] (B) 22 kipsand 0.375 in (33 kips and 0.375 in)
(C) 33 kips and 0.375 in (49 kips and 0.375 in)
(D) 33 kips and 0.500 in (49 kips and 0.500 in)

PPl » www.ppiZpass.com
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Solution

STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

From A4JSC Manual Table 7-7, the coefficient for a single row of five bolts with a bolt
spacing of 3 in and an ecceatricity of 10 in is C = 1.66. From the problem statement,
the bolts are ASTM A325X. Determine the available strength based on single shear on

the bolts. From AfSC Manual Table 7-1,

LRFD ASD
b1, =193 i L 133 kis
= ar
Vrn C v a
Pu =C( vrn) r"
=(1.66)(19.9 kips) P =C[ r, J
=33.0 kips Q,
=(1.66)(13.3 kips)
=22.1kips

Determine the minimum thickness for the bracket plate in order to develop strength
based on bolt shear. From AISC Manual Table 7-5,

LRFD ASD
. =783 P8 =573 — KPS
in of thickness Q, in of thickness
r=_ b P
— t - o
C(en) o(n
33.0 kips Q,
(1.66)(78.3 __ Kips ) _ 22.1 kips
in of thickness - kips
. . (1.66)} 52.2 - -
=0.251n (0.250 ID) in of thickness
=0.26 in (0.250 in)
The answer is (A).

PPl » www.ppi2pass.com




—

[

PRACTICE PROBLEMS 13-93

PRACTICE PROBLEM 37

The slip-critical assembly shown is subject to shear and tension. The connection is
designed for slip as a serviceability limit state. The bolts are ASTM A325 slip-critical
class A boits in standard holes. Assume that the beam and plates are adequate to
transmit the loads.

flanged i

s
gusset plate dead load = 10 kips
live load = 30 kips

/ 45°

L T\ 1

beam N eight 3 in A325
slip-critical bolts

Which of the following is most nearly the design shear strength (LRFD) or allowable
shear strength (ASD) per belt? (LRFD options are in parentheses.)

(A) 5.5 kips/bolt (8.3 kips/bolf)
(B) 6.1 kips/bolt (9.2 kips/bolt)
(C) 6.8 kips/bolt (10 kips/bolt)
(D) 7.4 kips/bolt (11 kips/bolt)

Solution

Determine the tension and shear on the bolts. The load is

LRFD ASD
P =12D+16L P =D+L
=({1.2)(10 kips) +{1.6) (30 kips) =10 kips +30 kips
— 60 kips = 40 kips

Due to the 45° angle, the tension and shear are equal.

LRFD ASD
T =V = T =V, =
J_"bolu ‘j_”botu
_ 60 kips _ 40 kips
V2(8 bolts) V2 (8 bolts)
=5.30 kips/bolt =3.54 kips/bolt
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STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS

Check the tension on the bolts. From A/SC Manual Table 7-2,

LRFD

ASD

¢r. =298 kips [>T, =5.30kips, OK]

% =19.9 kips [>T, =3.54 kips, OK ]

Check the combined shear and tension in each bolt. The factor &, is calculated from
AISC Specification Eq. J3-5a (LRFD) or AISC Specification Eq. 13-5b (ASD). From
AISC Specification Sec. J3.8, D, = 1.13; from AISC Specification Table J3.1, T} =
28 kips. N, is the number of bolts carrying the indicated tension; because the value for
the tension, T, or T, was calculated per bolt, N, equals one.

LRFD ASD
=1- %, k, =1- .57,
DTN, DN,
____ 5.30kips _ . (1.5)(3.54 kips)
(1.13)(28 kips) (1) ~ (1.13)(28 kips)(1)
=0.83 =0.83

Determine the bolt shear capacity modified for slip-resistance. From A/SC Manual

Table 7-3,

LRFD

ASD

@,r, =11.1 kips/bolt
[>5.30 kips/bolt, OK]
b =090 )

bolt
=9.21 kips/bolt
(9.2 kips/bolt)

T

=7.38 kips/bolt
o ps/bo

v

[>3.54 kips/bolt, OK]

k,( g’; J:(o.ss)(ms %)

=6.13 kips/bolt
(6-1 kips/bolt)

The answer is (B).
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Table 3-20, 12-16
Table 3-21, 12-16
Table 4-13, 12-10
Table 4-14, 12-10

Table 4-15, 12-10

Table 4-16, 12-10

Table 4-17, 12-10

Table 4-18, 12-10

Table 4-19, 12-10

Table 4-20, 12-10

Table 7-7 through Table
7-14,9-16

Table 8-3, 10-15

Table 8-8, 10-15

Table 9-4, 6-8

Table 17-27, 6-15

AISC Specification, 4-2 (ftn)

Chap. B, 5-10
Chap. D, 4-2
Chap. E, 7-3

Chap. F, 5-3, 5-5, 5-6 (tbl),

5-10, 5-11, 11-3
Chap. G, 5-3, 5-39
Chap. H, 4-11, 8-3
Chap. I, 12-3
Chap. I,9-2
Chap. K, 9-2, 10-18
Eq. B3-1, 4-14, 5-10
Eq. B3-2, 4-15, 4-16, 5-11
Eq. D2-1, 4-3, 4-14
Eq. D2-2,4-3, 4-15
Eq. D3-1,4-11
Eq. D5-1, 4-20
Eq. D5-2, 4-20
Eq. E3-1, 6-19, 7-3
Eq. E3-2, 6-19, 7-7
q. E3-3, 6-19, 7-7
-4, 6-19, 7-7
1, 7-10
2, 7-10
3, 7-11
-4, 7-11
5, 7-11
7, 7-11
8, 7-11
B4-9 7-11
. E4-10, 7-11
. E4-11, 7-11
Eq. E5-1,7-19
Eq. E5-2,7-19
Eq. ES-3,7-20
Eq. E54, 7-20
Eq. E7-1,7-14
Eq. E7-2, 7-14
Eg. E7-3, 7-14
Eq. E7-16, 7-15
Eq. E7-17,7-15
Eq. E7-18, 7-15
Eq. F1-1, 5-8
Eq. F2-2, 5-15
Eq. F2-3, 5-19
Eq. F24, 5-19
Eq. F2-5, 5-20
Eq. F2-6, 5-20

2]
El

TEEE
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Eq. F2-7, 5-19
Eq. F2-8b, 5-20
Eq. F4-7, 11-6
Eq. F4-10, 116
Eq. F4-11, 11-6
Eq. F5-1, 11-6
Eq.F5-2, 11-6
Eq. F5-3, 11-6
Eq. F5-4, 11-7
Eq. F5-5, 11-6
Eq. F5-6, 11-6
Eq. F5-7, 11-7
Eq. F5-8, 11-7
Eq. F5-9, 11-7
Eq. F5-10, 11-7
Eq. F6-1, 5-22
Eq. F6-2, 5-22
Eq. F6-3, 5-22
Eq. F64, 5-23
Eq. F7-1, 5-26
Eq. F7-2, 5-26
Eq. F7-3, 5-26
Eq. F74, 527
Eq. F7-5, 5-27
Eq. F8-2, 5-31
Eq. F8-3, 5-31
Eq. F8-4, 5-31
Eq. F9-1, 5-33
Eq. F9-2, 5-33
Eq. F9-3, 5-33
Eq. F9-4, 5-33
Eq. F9-5, 5-34
Eq. F9-6, 5-34
Eq. F9-7, 5-34
Eq. F9-8, 5-34

Eq. F13-1, 5-37, 114
Eq. F13-2, 5-38, 11-4
Eq. F13-3, 539, 11-5
Eq. F134, 5-39, 11-5
Eq.G2-1,11-8
Eq.G2-3, 11-8

Eq. G24, 11-8

Eq. G2-5, 11-8

Eq. G2-6, 11-9

Eq. G3-1, 119

Eq. G3-2, 119

Eq. G3-3(1), 11-10
Eq. G3-3(2), 11-10
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Eq. H1-1a, 8-4
Eq. H1-1b, 84
Eq. H1-2, 8-5
Eq. H2-1,8-24
Eq. H3-1, 8-24
Eq. H3-2a, 8-24
Eq. H3-2b, 8-24
Eq. H3-3, 8-25
Eq. H3-4, 8-25
Eq. H3-5, 8-25
Eq. H3-6, 8-27
Eq. 2-1, 12-5
Eq. 12-2, 12-6
Eq. 12-3, 12-6
Eq. 124, 12-6
Eq. 12-5, 12-6
Eq. 12-6, 12-6
Eq. 2-7, 12-6
Eq. [2-8, 12-6
Eq. 12-9, 12-7
Eq. 2-10, 12-7
Eq. 12-11, 12-7
Eq. 12-12, 12-7
Eq. 12-13, 12-8
Eq. 12-14, 12-8
Eq. 12-15, 12-8
Eq. 12-16, 12-9
Eq. 12-17, 12-9
Eq. J2-2, 10-6
Eq. J2-3, 10-6
Eq. J3-2,9-19
Eq. J3-3a, 9-19
Eq. J3-3b, 9-19
Eg. J4-5,9-5
Eq. J7-1,4-20
Eq. J10-1, 64
Eq. J10-2, 6-5
Eq. J10-3, 6-5
Eq. J104, 6-5
Eq. J10-5a, 6-6
Eqg. J10-5b, 6-6
Eq.K1-2, 10-19
Eq. K1-3, 10-19
Eq. K14, 10-19
Sec. B3.13,44
Secc. B4,7-14
Sec. D1,4-3
Sec.D3.2,4-8
Sec, D4, 10-6
Sec. D5.2, 4-21
Sec. E3,7-19
Sec. E5, 7-10, 7-19, 7-20
Sec. E6.2, 10-6
Sec. E7, 7-14
Sec. F5, 114, 11-5

Sec. F5.2, 11-6, 11-7
Sec. F5.3, 11-7
Sec. FI3, 5-36, 114
Sce. F13.1, 5-37
Sec. F13.2, 11-5
Sec. F13.3,5-39
Sec. G2.1, 11-9
Sec. H1, 8-24, 8-27
Sec. H1.1, 8-5
Sec. HI.2, 8-5, 8-9
Sec. H3.1, 8-25
Scc. 14, 12-26
Sec. I1, 10-3
Sec. J2, 10-3, 10-4
Sec. J3.2,9-5
Sec. 13.7, 9-19
Sec. J3.9, 9-19
Sec. J10, 6-3
Sec. J10.2, 6-9
Sec. 110.8, 6-18, 6-19
Sec. K1.3b, 10-19
Table B4.1, 5-5, 5-15, 5-25,
5-26 (tbl), 5-30, 6-18, 7-5,
114
Table D3.1, 4-11
Table J2.1, 10-7
Table J2.2, 10-7
Table J2.3, 10-7
Table J2.4, 10-5 (fig)
Table J2.5, 10-7
Table J3.3, 9-4
Table J3.4,9-5
Table J3.5,9-5
Allowable
strength, 3-3
strength, beam, 5-11
strength design (ASD), 1-3,
3-1
strength design, load
combinations, 2-2
strength design, tension
member, 4-15
stress design, 1-3, 3-1
Alloy steel, quenched and
tempered, 1-2
American
Institute of Steel
Construction (AISC), 1-2,
3-1
Socicty for Testing and
Materials (see also
ASTM), 1-2
standard beam, 1-1, 1-4 (tbl)
Welding Society (AWS), 104
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Analysis, vector, 9-16
Anchor rod, 7-22
Angle (L shape}, 1-5 (ibl)
double, as beam, 5-33
single, as compression
member, 7-19
unequal leg, 7-19
Arc
welding, flux core (FCAW),
10-6
welding, gas metal
(GMAW), 10-6
welding, submerged (SAW),
10-6
Area
chain of holes, 4-8, 4-9 (fig)
effective, fillet weld, 10-5
effective net, 4-2, 4-11
tension member, 44
ASCE 7, 2-1, 3-2
load combinations, 2-1
Sec. 232,23
Sec. 2.4.1, 2-2
Sec. 4.7, 2-5 (bl)
Sec. 4.10, 24
story drift, 5-7
Table 4.1, 2-2
Table 12.12-1, 5-7
Table C3-1, 2-2
ASD (see Allowable strength
design)
ASTM (American Society for
Testing and Materials),
1-2
A307,9-3
A325,9-3
A490, 9-3
F1852,9-3
Available
critical stress, 7-7 (tbl)
flexural strength, adjusted,
5-9
strength, weld group, 10-15
AWS (American Welding
Society), 104
Axial
force and flexure, 8-4, 8-24
force and flexure, composite
member, 12-26
member, composite, 12-4
strength, resistance factor,
12-26
strength, safety factor, 12-26



B

Base plate
column, 7-22
critical bending plane,
7-24 (1bl)
Basis, design, 3-3
Beam, 54
allowable strength, 5-11
American standard, 14 (tbl)
bearing plate, 6-12,
6-14 (fig)
bending cocfficient, 5-8
classification, 5-5
composite steel, 12-13,
12-13 (fig)
deflection, 5-6
design strength, 5-10
end bearing constant, 6-8
end bearing requirements,
6-7
end, local web yielding, 6-8
end, web crippling, 6-8
flexural requirements, 5-9
H-, 1-3
HSS and box members, 5-25
I-shaped (I-beam), 1-1, 1-3,
14 (thl)
I-shaped, concentrated load,
6-4 (fig)
I-shaped, proportioning
limit, 5-38
limnit state, 5-4
local buckling, 5-5
serviceability, 5-6
shear, 5-39
steel, design, 5-1
T-, 1-4 (itbl)
W shape, -2
weak-axis bending, 5-22
wide-flange, 1-2
Bearing
connection, 9-4
connection, shear and
tension, 9-16
constant, beam end, 6-7
pile, 1-4 (tbl}
plate, beam, 6-12, 6-14 (fig)
requirements, beam end, 6-7
stiffener design, 11-30
strength, concrete, 7-23
Bending
and compression, 8-14
and tension, 8-9
beam coefficient, 5-8
compression flange local,
11-5,11-7

elastic, 5-19 C

factor, 5-15 C shape, 1-5 (ibl)
flange local, 6-4 Cantilever, value of C;, 5-8

inelastic, 5-15 Capacity, moment, and

plane, critical, base plate, unbraced length, 5-10 (fig)
7-24 (1bl) Carbon steel, 1-2

plastic, 5-11 Cast iron, 1-1

weak-axis, beam, 5-22 Center of rotation,

Block shear rupture, 9-5, instantancous, 9-15

9-5 (fig) Chain of holes, net area, 4-8,
Bolt 4-9 (fig)
designation, 9-3 Channel, 1-5 (tbl)
high-strength, 9-3 Check formula, unity, 8-4
hole, 9-4 Code, Structural Welding, 104
sizes, 9-3 Cocfficient of lincar expansion,
soug-tight, 9-3 1-3
twist-off tension-control, 9-3 Column
types, 9-3 bBSS: plate, 7-22
unfinished, 9-3 design, 7-1
Bolted connection, 9-1 T Sl e
. 12-5 (fig)
e criasl 5.25 encasedfcor;l;)osuc, load
member, shear capacity, grans i _7.
542 encased composite,
member, welded connection, remforcctm:nt', %2
10-16 encased composite,
truss. 720 reststance factor, 12-5, 12-6
. kct’ B encased composite, safety
rac etion. 915 factor, 12-5, 12-6
connection, 9- .
o encased composite, shear
connec.uon, shear and connector, 12-7
tenston, 9'29 encased composite, tensile
5 w:lldcd., eccentric shear, 10-14 strength, 12-6
uckling filled compesite, 12-8,
elastic torsional, 5-10 12-8 (fig)
inelastic torsional, 5-10 filled composite,
lateral-torsional, 5-7, 11-5, compressive strength, 12-8
11-6 filled composite, load
local, beam, 5-5 transfer, 12-9
member without slender filled composite, resistance
elements, 7-10 factor, 12-9
modification factor, 5-7 filled composite, safety
moedification factor, lateral- factor, 12-9
torsicnal, combined stress, filled composite, tensile
8-5 strength, 12-8
out-of-planc, 8-5 Combination, load, 2-1, 2-2
sidewall local, resistance Combined stress
factor, 10-15 and torsion, 8-24, 8-27
sidewall local, safety factor, doubly symmetrical
10-15 member, 8-4, 8-5
stress, elastic critical, 7-7 member, 8-1
Building Code Requirements singly symmetrical
Jor Masonry Structures member, §-4
{see ACI 530) Compact, 5-5
Jor Structural Concrete flange, 5-5
(see ACI 318) web, 5-5
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1-4

Cotrpactness criteria, square and
rectangular HSS, 5-26 (tbl)
Compatibility-strain tnethod,
124
Composite
action, partial, 12-22
axial member, 12-4
column, encased, 12-5,
12-5 (fig)
column, encased, load
transfer, 12-7
column, encased,
reinforcement, 12-5
column, encased, resistance
factor, 12-5, 12-6
column, encased, safety
factor, 12-5, 12-6
column, encased, shear
connector, 12-7
column, encased, tensile
strength, 12-6
columnn, filled, 12-8,
12-8 (fig)
column, filled, compressive
strength, 12-8
column, filled, load transfer,
12-9
column, filled, resistance
factor, 12-9
column, filled, safety factor,
12-9
column, filled, tensile
strength, 12-8
flexural member, 12-4
member, axial force and
flexure, 12-26
member, design method, 124
member, resistance factor,
12-26
member, safety factor, 12-26
slab, design procedure,
12-16
slab, plastic ncutral axis,
12-14, 12-15 (fig)
steel beam, 12-13,
12-13 (fig)
steel member, 12-1
system, material limitation,
124
Compression
and bending, 8-14
and flexure, 8-4
and single axis flexure, 8-5
flange local bending, 11-5,
11-7
flange yielding, 11-5, 11-6
member, 7-1

metnber, single angle, 7-19
resistance factor, 7-3
safety factor, 74
Compressive strength
filled composite colurmn,
12-8
member with slender
clements, 7-14
member without slender
clements, 7-5
Concentrated load, flanges and
webs, 6-1, 6-4 (fig)
Concrete
bearing strength, 7-23
load bearing distribution,
6-12, 6-13 (fig)
modulus of elasticity, 12-6
slab, effective width, 12-14,
12-14 (fig)
Connection
bearing, 94
bearing, shear and tension,
9-16
bolted, 9-1
bracket, 9-15
bracket, shear and tension,
9-20
lap splice, 9-5
pin, dimensional
requircments, 4-21 (fig)
pretensioned, 9-3
slip-critical, 9-3, 94
snug-tight, 9-3
welded, HSS and box
members, 10-18
welded, local yielding, 10-19
welded, punching, 10-19
welded, shear yiclding,
10-19
welded, sidewall strength,
10-19
Connector, shear, encased
composite column, 12-7
Continuity plate, 6-3
Core arc welding, flux
(FCAW), 10-6
Caver plate, 5-39
Crane
deflection due to, 5-7
load, 24 (tbl)
Crippling
sidewall local, resistance
factor, 10-15
sidewall local, safety factor,
10-15
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web, 6-5, 6-5 (fig)
web, beam end, 6-8
Critical
bending plane, base plate,
7-24 (tbi)
buckling stress, elastic, 7-7
slip-, 9-3,9-4
stress, available, 7-7 (tbl)
Cross-sectional monosymmetry
parameter, 5-9

D
Deck, formed steel, 12-13,
12-13 (fg)
design procedure, 12-16
shear stud, 12-15
Deflection
beam, 5-6
calculation, 34
Design
basis, 3-3
composite fiexural member,
12-13
method, 1-3
method, composite member,
12-4
procedure, composite slab,
12-16
strength, 3-3
strength, beam, 5-10
Designation, bolt, 9-3
Development of structural
metal, -1
Distribution method, plastic
stress, 12-4
Double
angle, beam, 5-33
shear plane, 9-3 (fig)
Doubler plate, 6-3, 6-3 (fig)
requirements, 6-17
Doubly symmetrical member,
combined stress, 84, 8-5

E
E70 electrode, 10-7
Eccentric shear, 9-15
welded bracket, 10-14
Eccentrically loaded weld
group, 10-15
Effective
area, fillet weld, 10-5
length, compression
member, 74
length factor, 7-5 (tbl),
7-6 (tbl)
load factor, 3-4



T

N

net areg, 4-2, 4-11
net area, tension member,
44
width, concrete slab, 12-14,
12-14 {fig)
width, hole, 4-4
Elastic
bending, 5-19
critical buckling stress, 7-7
method, 9-16
torsional buckling, 5-10
Elasticity
modulus of, 1-2
of concrete, modulus of,
12-16
shear modulus of, 1-2
Electrode
E70, 10-7
strength coefficient, 10-15
Elongation calculation, 3-4
Encased composite column,
12-5, 12-5 (fig)
load transfer, 12-7
reinforcement, 12-5
resistance factor, 12-5, 12-6
safety factor, 12-5, 12-6
shear connector, 12-7
tensile strength, 12-6
End
beam, bearing constant, 6-7
beam, bearing requirements,
6-7
beam, local web yielding,
6-8
beam, web crippling, 6-8
condition cocfficient, 7-5
condition, column, 7-5
Equal leg fillet weld, 10-7,
10-8 (fig)
Expansion, cocfficient of

linear, 1-3
F
Factor
cffective load, 34
of safety, 3-2
Failure
mode, 3-1
tension, 9-5 (fig)
FCAW (flux core arc welding),
10-6

Ficld action, tension-, 11-8B
Filied composite colummn, 12-8,
12-8 {fig)
compressive strength, 12-8

INDEX

load transfer, 12-9
resistance factor, 12-9
safety factor, 12-9
tensile strength, 12-8
Fillet weld, 10-3
effective area, 10-5
equal or uncqual legs, 10-7,
10-8 (fig)
intermittent, 10-5
maximum and minimum
sizes, 104, 10-5 (fig)
passes needed, 10-4 (fig)
tesistance factor, 10-8
safety factor, 10-8
strength, 10-7
Flange
compact, 5-5
hole, reduction
requirements, 5-36
local bending, 6-4
local bending, compression,
11-5,11-7
proportioas, plate girder,
114
-to~web weld, 11-34
with concentrated load, 6-1,
6-4 (fig)
yielding, compression, 11-5,
11-6
yielding, tension, 11-5, 11-7
Flexural
constant, 7-11
member, compaosite, 12-4
requirements, beam, 5-9
strength, adjusted available,
59
strength, plate girder, 11-5
strength, resistance factor,
12-26
strength, safety factor, 12-26
-torsional buckling, member
without slender clements,
7-10
zone, 5-10, 5-10 (fig)
Flexure
and axial force, 84, 8-24
and axial force, composite
member, £2-26
and compresgion, 8-4
and tension, 8-4
single axis and compression,
8-5
Flux core arc welding
(FCAW), 10-6
Force, vibration, 24

Formed stee! deck, 12-13,
12-13 (fig)
design procedure, 12-16
shear stud, 12-15
Full plastic moment, 5-7

G
Gage, 4-9
line, 4-8
Gas metal arc welding
(GMAW), 10-6
Girder, 5-4
hybrd, 11-3
plate, 11-1, 114 (fig)
plate, flexural strength, 11-5
plate, proportioning limits,
114
plate, regular, 11-3
plate, resistance factor, 11-8,
11-9
plate, safety factor, 11-8,
11-9
plate, shear strength, 11-8
Girt, 54 (fig)
GMAW (gas metal arc
welding), 10-6
Groove weld, 10-3
Group, weld
available strength of, 10-15
eccentrically loaded, 10-15
Gyration, polar radius of, 7-11

H
H
-beam, 1-3
-pile, 14 (thi)
High-strength
bolt, 9-3
low-alloy steel, 1-2
Hole
bolt, 94
chain of, net area, 4-8,
49 (6g)
effective width, 4-4
flange, reduction
requirements, 5-36
reduction factor, 5-37
Hollow structural section
{HSS), 1-5 (tbl)
HP shape, 1-3, 14 {tbl)
HSLA steel (see high-strength
low-alloy steel)
HSS member, 1-5 (tbl)
as beam, 5-25, 5-30
combined stress, 8-24, 8-27
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compaciness ctiteria,
5-26 (tbl)
torsional strength, 8-24, 8-27
welded connection, 10-16
Hybrid girder, 11-3

1
[-shaped beam (I-beam), 1-1,
1-3, 14 (tbl)
concentrated load, 6-4 (fig)
proportioning limit, 5-38
IBC (International Building
Code), 2-2
deflection, 5-7 (tbl)
Table 1604.3, 5-7
Table 1607.1, 2-2
Impact
force, vertical, 2-4 (tbl)
load, 2-5 (tbl)
Inelastic
bending, 5-15
torsional buckling, 5-10
In-plane stability, 8-5
[nstantancous center of
rotation, 9-15
Interaction formula, §-4
Intermittent fillet weld, 10-5
International Building Code
(see [BC)
[ron
cast, 1-1
wrought, 1-1

L
L shape, 1-5 (tbl)
Lag, shear, 4-11
factor, 4-11, 4-12 (tbl)
Lap splice connection, 9-5
Lateral-torsional bucking, 5-7,
11-5,11-6
modification factor, 5-7,
5-8 (tbl), 5-9 (tbl)
modification factor,
combined stress, 8-5
Length
effective, compression
member, 7-4
factor, effective, 7-5 (tbl),
7-6 (tbl)
unbraced, and moment
Limit
proportioning, plate girder,
11-4
state, 3-3

state, beam, 54
state, tension member, 4-3
Limitation, material, composite
system, 12-4
Limiting value, slenderness
ratio, 7-7 (tbl)
Linc, gage, 4-8
Linear expansion cocfficient,
1-3
Load, 2-1
and resistance factor design
(LRFD), 1-3, 3-2
and resistance factor design,
tension member, 4-14
bearing distribution on
concrete, 6-12, 6-13 (fig)
bearing distribution on
masonry, 6-13, 6-14 (fig)
combination, 2-1, 2-2
combination, ASD, 2-2
combination, LRFD, 2-3
concentrated, flanges and
webs, 6-1, 6-4 (fig)
crane, 2-4 (tbl)
factor, effective, 34
impact, 2-5 (tbl)
moving, 2-4
service, 34
transfer, encased composite
cofumn, 12-7
transfer, filled composite
column, 12-9
types, 2-2
Loaded, weld group,
eccentrically, 10-15
Local
bending, compression
flange, 11-5, 11-7
bending, flange, 6-4
buckling, beam, 5-5
buckling, sidewall,
resistance factor, 10-15
buckling, sidewall, safety
factor, 10-15
crippling, sidewall,
resistance factor, 10-15
crippling, sidewall, safety
factor, 10-15
web yielding, beam end, 6-8
yiclding, sidewall, resistance
factor, 10-15
yielding, sidewall, safety
factor, 10-15
yielding, web, 6-5
yiclding, welded connection,
10-19
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M
M shape, 1-3, 14 (tbl)
Manual of Steel Construction
(see also AISC Manual),
1-2
Manual stick welding, 10-6
Masonry, load bearing
distribution, 6-13,
6-14 (fig)
Material limitation, composite
system, 124
MC shape, 1-5 (tbl)
Metal
arc welding, gas (GMAW),
10-6
development of structural,
i-1
Minimum Design Loads for
Buildings and Other
Structures (see ASCE 7)
Mode of failure, 3-1
Modification factor, lateral-
torsional buckling,
combined stress, 8-5
Modulus of elasticity, 1-2
of concrete, 12-6
shear, 1-2
Moment
capecity and unbraced
length, 5-10 (fig)
full plastic, 5-7
Monosymmetry, parameter,
cross-sectional, 5-9
Moving load, 24
MT shape, 1-3, 14 (tbi)

N
National Steel Fabricators
Association, 1-2
Net arca
chain of holes, 4-8, 4-9 (fig)
effective, 4-2, 4-11
tension member, 4-4
Noncompact, 5-5

0
Out-of-plane buckling, 8-5
Qverhang, value of Gy, 5-8

P

Partial composite action, 12-22

Passed needed, fillet weld,
104 (Gig)

Pile, bearing (H-pile), 1-4 (tbl}



INDEX
Pin R S
" -connected tension member, Radius of gyration, polar, 7-11 S shape (S-beam), 1-1, 1-3,
4-20 Rafier, 54, 5-4 (fig) 1-4 (tbl)
connection dimensional Rectangular HSS member Safety factor, 3-2

requirements, 4-21 (fig) as beam, 5-25 axial strength, 12-26

Pipe, 1-5 (tbl) compactness criteria, composite member, 12-26

Pitch, 4-9 5-26 (tbl) compression, 7-4

Planar truss, 7-19 shear capacity, 542 encased composite column,

Plane, shear, single and double, Reduction 12-5, 12-6

9-3 (fig)
Plastic
bending, 5-11
moment, full, 5-7
neutral axis, composite slab,
12-14, 12-15 (fig)
stress distribution method,
124
Plate
basc, critical bending plane,
7-24 {tbl)
beam bearing, 6-12,
6-14 (fig)
column base, 7-22
continuity, 6-3
cover, 5-39
doubler, 6-3, 6-3 (fig)
doubler, requirements, 6-17
girder, i1-1, 114 (fig)
girder, flexural strength,
11-5
girder, proportioning limits,
114
girder, regular, 11-3
girder, resistance factor,
11-8, 11-9
girder, safety factor,
11-8,11-9
girder, shear strength, 11-8
stiffener, 6-3, 6-3 (fig)
washer, 7-22
Plug weld, 104
Polar radius of gyration, 7-11
Pretensioned
bolt, 9-3
connection, 9-3
Proportioning limit
I-shaped beam, 5-38
plate girder, 114
Punching, welded connection,
10-19
Pure tension member, 4-2
Purlin, 5-4 (fig)

Q

Quenched and tempered alloy
steel, 1-2

coefficient, tension member,
44, 4-11
factor, 7-14
factor, hole, 5-37
requirements, flange hole,
5-36
Regular plate girder, 11-3
Reinforcement, encased
compasite column, 12-5
Required strength, 3-3
Resistance factor
axial strength, 12-26
composite member, 12-26
compression, 7-3
encased composite column,
12-5, 12-6
filled composite column,
12-9
fillet weld, 10-8
flexural strength, 12-26
plate girder, 11-8, 11-9
sidewall local buckling,
10-15
sidewal! local crippling,
10-15
sidewall local yielding,
10-15
tensile rupture, 4-15
tensile yielding, 4-14
torsion, 8-24
Reverse curvature bending,
value of R,,, 5-9
Rivet, 9-3
Rod, anchor, 7-22
Rotation, instantaneous center
of, 9-15
Round HSS member
as beam, 5-3(
shear capacity, 5-42
Rupture
block shear, 9-5, 9-5 (fig)
strength, tensile, 4-2
tensile, limit state, 4-3
tensile, resistance factor,
4-15
tensile, safety factor, 4-16

filled composite column,
12-9

fillet weld, 10-8

flexural strength, 12-26

plate girder, 11-8, 11-9

sidewall local buckiing,
10-15

sidewall local crippling,
10-15

sidewall local yielding,
10-15

tensile rupture, 4-16

tensile yielding, 4-15

torsion, 8-24

SAW (submerged arc

welding), 10-6

Service load, 34
Serviceability

beam, 5-6, 5-7
tension member, 4-3

Shape, structural steel, 1-3,

1-4 (tbl), 1-5 (tbl)

Shear

and tension, bearing
connection, 9-16

and tension, bracket
connection, 9-20

beam, 5-39

capacity, rectangular HSS
and box members, 542

capacity, round HSS, 5-42

connector, encased
composite column, 12-7

eccentric, 9-15

eccentric, welded bracket,
10-14

lag, 4-11

lag factor, 4-11, 4-12 (tbi)

modulus of elasticity, 1-2

plane, single and double,
9-3 (fig)

rupture, block, 9-5, 9-5 (fig)

strength, plate girder, 11-8

stud, formed steel deck, 12-15

yielding, welded connection,
10-19
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Shiclded metal arc welding
(SMAW), 10-6
Sidesway, 7-4
Sidewall
local buckling, resistance
factor, 10-15
local buckling, safety factor,
10-15
local crippling, resistance
factor, 10-15
local crippling, safety factor,
10-15
local yielding, resistance
factor, 10-15
local yielding, safety factor,
10-15
strength, welded coanection,
10-19
Single
angle compression member,
7-19
axis flexure and
compression, 8-5
shear plane, 9-3 (fig)
Singly symmetrical member
combined stress, 84
value of R, 5-9
Stab
composite, design
procedure, 12-16
compaosite, plastic neutral
axig, 12-14, 12-15 (fig)
concrete, effective width,
12-14, 12-14 (fig)
Slender, 5-5
element, buckling without,
7-10
element, compressive
strength with, 7-14
clement, compressive
strength without, 7-5
element, stiffened, 7-15
Slenderness ratio, 5-5, 7-3
limiting value, 7-7 (tbl)
tension member, 4-3
Slip-critical connection, 9-3,
9-4
Slot weld, 104
SMAW {shielded metal arc
welding), 10-6
Snug-tight connection, 9-3
Space truss, 7-20
Spacing, intermittent fillet
weld, 10-6

Specification for Structural
Joints, 9-4

Splice, lap, 9-5

Square HSS member
as beam, 5-25
compaciness criteria,

5-26 (tbl)

ST shape, 1-3, 1-4 (tbl)
Stability, in-plane, 8-5
Standard beam, Ametican, 1-1,

1-4 (tbl)

Standardization of steel, 1-2
State

limit, 3-3

limit, beam, 5-4

limit, tension member, 4-3
Steel

beam, composite, 12-13,

12-13 (fig)
beam design, 5-1
carbon, 1-2
column design, 7-1
deck, formed, 12-13,

12-13 (fig), 12-15, 12-16
member, composite, 12-1
standardization, 1-2
structural, 1-1

Steel Construction Manual (see

also AISC Manuafy, 1-2

Stick welding, manual, 10-6
Stiffened
element, 7-5
plate girder, i1-3, 11-4 (fig)
slender clement, 7-15
Stiffener
bearing, 11-30
plate, 6-3, 6-3 (fig)
requirements, 6-17
-to-web weld, 11-33
transverse, 11-9
Story drift, 5-7
Strain
adjusted available flexural,

5-9
allowable, 3-3
allowable, beam, 5-11
available, weld group, 10-15
axial, resistance factor,

12-26
axial, safety factor, 12-26
bearing, concrete, 7-23
coefficient, electrode, 10-15
-compatibility method,

124
compressive, filled

composite column, 12-8
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design, 3-3
design, allowable (ASD),
1-3, 3-1
design, beam, 5-10
fillet weid, 10-7
flexural, plate girder, 11-5
flexural, resistance factor,
12-26
fiexural, safety factor, 12-26
required, 3-3
shear, plate girder, 11-8
sidewall, welded connection,
10-19
tensile, encased composite
column, 12-6
tensile, filled composite
column, 12-8
tensile rupture, 4-2
tensile yield, 4-2
weld, 10-6
Siress
available critical, 7-7 (tbl)
combined, and torsion, 8-24,
8-27
design, allowable, -3, 3-1
distribution method, plastic,
12-4
elastic critical buckling, 7-7
member, combined, 8-1
Structural
metal, development, 1-1
shape, 1-3
steel, 1-1
tee, 1-4 (tbl)
Structural Welding Code, 104
Stud, shear, formed steel deck,
12-15
Submerged arc welding
(SAW), 10-6

T
T-beam (tee), 14 (tbl)
Tee
beam, 5-33
structural, 1-4 (tbl)
value of C,, 5-8
Tempered and quenched alloy
steel, 1-2
Tensile
rupture, limit state, 4-3
rupture, resistance factor,
4-15
rupture, safety factor, 4-16
rupture strength, 4-2
strength, encased composite
colemn, 12-6
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strength, filled composite
columao, 12-8
yield strength, 4-2
yielding, limit state, 4-3
yielding, resistance factor,
4-14
yiclding, safety factor,
4-15
Tension
and bending, 8-9
and flexure, 84
and shear, bearing
connection, 9-16
and shear, bracket
conncction, 9-20
-control bolt, 9-3
failure, 9-5 (fig)
~field action, 11-8
flange vielding, 11-5, 11-7
member, 4-1
member, limit state, 4-3
member, pin-connected,
4-20
member, pure, 4-2
Torsion
and combined stress, 8-24,
8-27
resistance factor, 8-24
safety factor, 8-24
Torsional
buckling, elastic, 5-10
buckling, inelastic, 5-10
buckling, member without
slender clements, 7-10
-lateral bucking, 5-7, 11-5,
11-6
-lateral buckling
modification factor,
combined stress, 8-5
strength, HSS, 8-24, 8-27
Transfer, load
encased composite column,
12-7
filled compaosite cofumn,
12-9
Transition point, siendermess
ratio, 7-7 (tbl)
Transverse stiffener, 11-9
Truss
box, 7-20
planar, 7-19
space, 7-20
Twist-off tension-control bolt,
9-3

INDEX

U
Unbraced length and moment
capacity, 5-10 (fig)
Unequal leg
angle, 7-19
fillet weld, 10-7, 10-8 (fig)
Unfinished bolt, 9-3
Unity check formula, 84
Unstiffened
element, 7-5
plate girder, 11-3, 11-4 (fig)
Unsymmetrical members,
combined stress, 8-24

v

Vector analysis methed, 9-16
Vertical impact force, 2-4 (thi)
Vibration force, 24

W
W shape, 1-2, 1-3, 14 (tbl)
Washer, plate, 7-22
Weak-axis bending, beam,
5-22
Web
compact, 5-5
crippling, 6-5, 6-5 (fig)
crippling, beam end, 6-8
local yielding, 6-5
proportions, plate girder,
114
-to-flange weld, 11-34
-to-stiffener weld, 11-33
with concentrated load, 6-1,
6-4 (fig)
yielding, 6-5 (fig)
yiclding, local, 6-8
Weld
economy, 10-4
fillet, 10-3
fillet, effective arca, 10-5
fillet, equal or unequal legs,
10-7, 10-8 (fig)
fillet, intermittent, 10-5
fillet, maximum and
minimum sizes, 10-4,
10-5 (fig)
fillet, passes necded,
104 (fig)
fillet, resistance factor, 10-8
fillet, safety factor, 10-8
flange to web, 11-34
groove, 10-3
group, available strength,
10-15

group, e¢ccentrically loaded,
10-15
plug, 104
slot, 104
stiffener to web, 11-33
strength, 10-6
strength, fillet, 10-7
types, 10-3
Welded
bracket, eccentric shear,
10-14
connection, 10-1
connection, HSS and box
members, 10-18
connection, local yiclding,
10-19
connection, punching, 10-19
connection, shear yielding,
10-19
connection, sidewall
strength, 10-19
Welding
flux core arc (FCAW), 10-6
gas metal arc (GMAW),
10-6
manual stick, 10-6
Society, American (AWS),
104
submerged arc {SAW), 10-6
Welding Code, Structural, 104
Wide-flange
beam, 1-2
section, 1-4 (tbi)
Width, effective
concrete glab, 12-14,
12-14 (fig)
hole, 4-4
Wrought iron, 1-1
WT shape, 1-3, 14 (tbi)

Y
Yield
point, 1-2
strength, tensile, 4-2
Yielding
compression flange, 11-5,
11-6
local web, 6-8
local, welded connection,
10-19
shear, welded connection,
10-19
sidewall local, resistance
factor, 10-15
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I-10 STEEL DESIGN FOR THE CIVIL PE AND STRUCTURAL SE EXAMS
sidewall local, safety factor, teunsile, safety factor, 4-15 Z
10-15 lension flange, 11-5, 11-7 Zone, fexural, 5-10, 5-10 (fig)
tensile, limit state, 4-3 web, 6-5 (fig)
tensile, resistance factor, web local, 6-5
4.14
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