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Thank you for joining our live webinar today.
We will begin shortly.  Please standby.

Thank you.

Need Help? 
Call ReadyTalk Support: 800.843.9166

1

Today’s audio will be broadcast through the internet.

Alternatively, to hear the audio through the phone, dial 
888-504-7949. Passcode: 660099.
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Today’s live webinar will begin shortly.  
Please standby.
As a reminder, all lines have been muted.  Please type any 
questions or comments through the Chat feature on the left 
portion of your screen.

Today’s audio will be broadcast through the internet.
Alternatively, to hear the audio through the phone, dial 
888-504-7949. Passcode: 660099.

AISC is a Registered Provider with The American Institute of Architects 
Continuing Education Systems (AIA/CES).  Credit(s) earned on completion 
of this program will be reported to AIA/CES for AIA members.  Certificates 
of Completion for both AIA members and non-AIA members are available 
upon request.

This program is registered with AIA/CES for continuing professional 
education.  As such, it does not include content that may be deemed or 
construed to be an approval or endorsement by the AIA of any material of 
construction or any method or manner of handling, using, distributing, or 
dealing in any material or product.  

Questions related to specific materials, methods, and services will be 
addressed at the conclusion of this presentation.
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Copyright Materials

This presentation is protected by US and International Copyright 
laws.  Reproduction, distribution, display and use of the 
presentation without written permission of AISC is prohibited.

© The American Institute of Steel Construction 2017

July 10, 2017– Fundamentals of Stability for Steel Design: Design 
of Flexural Members

This lecture will focus on the design of flexural members for the 
pertinent stability limit states. Solutions for the effects of moment 
gradient and load position will be covered including moment 
gradient factors for a variety of common design situations. This 
lecture will include material pertinent to both rolled sections as 
well as built-up members. Efficient use of the design aids in the 
AISC 360-10/14th Ed. Manual will be addressed as well as methods 
for the preliminary sizing of built-up girders.

Course Description
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• Explain the compact section criteria of a flexural 
member to reach Mp.

• Explain the application of moment gradient factor in 
beam design.

• Determine moment gradient factors for beams braced 
on one flange.

• List the steps for preliminary design of a built-up shape.

Learning Objectives

Fundamentals of Stability for Steel Design
Session 4: Design of Flexural Members

July 10, 2017

Presented by 
Todd A. Helwig, Ph.D., P.E.
University of Texas at Austin
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Fundamentals of 
Stability for
Steel Design

Session 4
Design of Flexural Members

Todd A. Helwig, Ph.D., P.E.

Structural Stability Research Council
• SSRC values being a part of the AISC Night School series.  

Many thanks to Brent Leu, Christina Harber, and Nancy Gavlin 
for all the work they do with the speakers to develop a 
successful program.  

• SSRC is an organization consisting of educators, practicing 
engineers, and industry professionals interested in stability as 
it relates to analysis, design, and behavior.  If you have any 
interest in stability, consider becoming a member and/or 
attending our Annual Stability Conference (ASC).

• SSRC holds the Annual Stability Conference (ASC) as part of 
AISC’s North American Steel Construction Conference.

• The next ASC/NASCC is in Baltimore April 10-13, 2018.  The 
SSRC ASC begins on Tuesday April 10 at approximately 
1:00pm.  

• For more information on SSRC/membership/etc. visit 
www.ssrcweb.org

10
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Design of Flexural Members
• Cross-Sectional Requirements to reach Mp

(Compact Section Criteria)
• Lateral Torsional Buckling

– Moment Gradient Factor (Cb) Gravity Loading
– Using AISC LTB Charts along with Zx Tables

• Moment Gradient Factors with 
Unconventional Bracing/Loading
– Beams braced on one flange (reverse curvature)
– Buckling of unbraced cantilevers

• Design of Built-up Shapes
11

Mp=Zσy
M

θ

My=Sσy

Partial Yielding

12

EI=0

-σy

+σy

E=0

“Plastic Hinge”
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Reaching/Designing Based Upon Mp

• Local Web Buckling (LWB) 
• Local Flange Buckling (LFB)
• Lateral Torsional Buckling (LTB)

In order to make the most efficient use of the material 
in a cross section, we often want to be able to design 
based upon the plastic moment capacity, Mp.  While 
there are a number of limit states that prevent us from 
being able to design based upon Mp, we will focus 
tonight on the following categories that involve local 
and global stability modes :

14

Local Buckling Modes
Local buckling is a failure of the cross section and is 
related to the width and thickness of the plate elements 
that make up the cross section.  

Local Flange Buckling (LFB) Local Web (Bend) Buckling (LWB)
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A flange or a web that can undergo an inelastic rotation 
capacity of “3” and maintain Mn ≥ Mp without local 
buckling is said to be compact.  

Local Buckling Modes

Mp

θp 4θp

3θp

Mn

θ

Local buckling of the 
section is controlled by 
limiting the 
slenderness, λ, of the 
plate element.  

tf

tf

h

bf

Web: λw = h/twtw

Flange: λf = bf/2tf

The compact section requirements only address local buckling 
modes.  The compact section requirements have nothing to do 
with lateral torsional buckling (LTB).

16

The compact section requirements are defined in the 
AISC Section B4.1 (Table B4.1b, Page 16.1-17)

Compact Section Requirements

tf

tf

h

bf

tw

To be compact λ ≤ λp.

௪ߣ	:ܾܹ݁ = ℎ ௪ൗݐ ≤ 3.76 ௬ܨܧ = ௣௪ߣ
௙ߣ	:݈݁݃݊ܽܨ = ௙ܾ ௙൘ݐ2 ≤ 0.38 ௬ܨܧ = ௣௙ߣ

In order for a cross section to be compact, both the 
flange and the web must be compact.  
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Consider the webs of all rolled wide flange shapes:  

Compact Section Requirements

tf

tf

h

bf

tw

௣௪ߣ	:ܾܹ݁ = 3.76 ௬ܨܧ = ௬ܨ640
For Grade 50 Steel, λpw =90.5 
The rolled W-shape with the most slender web is a 
W30x90 with h/tw = 57.5<<90.5=λpw. 
Note: The W30x90 would need to have Fy = 124 ksi
to have a non-compact web

Therefore, all rolled W-shapes have compact 
webs for the current grades of steel that are 
widely used in practice. 

US Units

18

Considering  flanges of all rolled wide flange shapes:  

Compact Section Requirements

For Grade 50 Steel, λpw =9.2 

11 sections do not have compact flanges (Fy = 50 ksi).

௣௙ߣ	:݈݁݃݊ܽܨ = ௙ܾ ௙൘ݐ2 ≤ 0.38 ௬ܨܧ = ௬ܨ65
US Units

Consider User Note: Section F2 - Page 16.1-47 

tf

tf

h

bf

tw

For built-up shapes, we generally design the web for the applied 
shear and will often have a non-compact or slender web.  



10

AISC Night School
July 10, 2017

Fundamentals of Stability
Session 4: Design of Flexural Members

Copyright © 2017
American Institute of Steel Construction

19

Effect of Local Flange Buckling on 
Beam Strength

N
om

in
al

 F
le

xu
ra

l S
tr

en
gt

h,
 M

n

0.7FySx

Mp

00 λpf λrf

Slenderness, λ=bf/2tf
*From Table B4.1b

Fig. C-F1.1.  Nominal flexural strength as a function of 
the flange width-to-thickness ratio of rolled I-shapes.

Compact 
flange

Noncompact
flange

Slender flange0.38 *௬ܨܧ 1.0 *௬ܨܧ

20

Zx Tables in AISC Manual (Pg. 3-24)

The Design of Rolled 
Beams Typically 
starts in the Zx Tables.  
There is a great deal 
of information in 
these tables and we 
will be spending 
some time looking at 
the efficient use of 
these tables.   
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Consider Design Zx Tables in AISC Manual
W14x99: the 
footnote ‘f’ means 
the section is non-
compact

Zx = 173 in3߶ܯ௣ = ߶ܼ௫ܨ௬߶ܯ௣ = 12 ݅ݏ50݇ݔ173ݔ0.9 ݅݊ ௣ܯ߶ൗݐ݂ = 649	݇ − ݐ݂
:݈ܾ݁ܽܶ	݉݋ݎܨ ௣ܯ߶ = 646 ݇ − ݐ݂ < 649 ݇ − ݐ݂
The Table reflects that the section is non-compact.

Pg. 3-24

Survey Question: Choose the Best 
Answer to the Question

Choose the best answer that shows what the term 
“Compact Section” indicates:  
•

A) The section is not likely to fail due to lateral torsional 
buckling (LTB)

B) The section is not likely to fail due to local web 
buckling (LWB)

C) The section is not likely to fail due to local flange 
buckling (LFB)

D) (b) and (c), only
E) (a), (b), and (c)

22
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Survey Question: Choose the Best 
Answer to the Question

Choose the best answer that shows what the term 
“Compact Section” indicates:  
•

A) The section is not likely to fail due to lateral torsional 
buckling (LTB)

B) The section is not likely to fail due to local web 
buckling (LWB)

C) The section is not likely to fail due to local flange 
buckling (LFB)

D) (b) and (c), only
E) (a), (b), and (c)

23

24

Me

Me
Brief Review of LTB from Last Week.Brief Review of LTB from Last Week.

Lateral
movement

Twisting
movement

“Lateral torsional buckling (LTB)”“Lateral torsional buckling (LTB)”
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Member instability:
Lateral Torsional Buckling

25
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26

X

Lb

Definition of Lb – Unbraced Length for 
Beams

Lb

Lb is the spacing between points that are either braced against 
lateral displacement of the compression flange OR braced 
against twist of the cross section.

Page 16.1-47: 

X X X  - Braced Point

Therefore, effective bracing for beams can be achieved by 
preventing EITHER lateral movement of the compression flange 
OR twist of the section.  
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Elastic LTB: Chapter F2 Equations (Pg. 16.1-47,48)Elastic LTB: Chapter F2 Equations (Pg. 16.1-47,48)

௖௥ܯ = ௖௥ܵ௫ܨ

28

Elastic LTB: Chapter F Equations (Pg. 16.1-47,48)Elastic LTB: Chapter F Equations (Pg. 16.1-47,48)
Page 16.1-48

There are benefits to both solutions.  Equation F2-4 (Fcr), provides 
a similar solution for both doubly- and singly-symmetric sections.  
One of the nice features about the above (Timoshenko) solution 
is that the St. Venant and Warping terms are clearly evident, 
which is explained further later in the lecture.  
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Effect of Moment Gradientܥ௕ = ௠௔௫ܯ௠௔௫2.5ܯ12.5 + ஺ܯ3 + ஻ܯ4 + ஼ܯ3
Mmax = Maximum moment anywhere along Lb

All moments are the absolute value of the moment at 
the specified location.

MA = Moment at Lb/4

MB = Moment at Lb/2

MC = Moment at 3Lb/4

30

Effect of Moment Gradient

௕ܥ = 12.5(600)2.5(600) + 3(206) + 4 75 + 3(244) = 2.38

X XX
24′ 24′

-600

300

-206

75
244

X – brace point

W=3.12 k/ft
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Calculating Cb factors using FEA programs

FEAO

FEAcr
b M
M

C =

Mcr FEA = Maximum moment along unbraced length for beam 
from eigenvalue buckling analysis with given support 
conditions and brace conditions (Eigenvalue buckling analysis).

MO FEA = Buckling moment from eigenvalue buckling analysis with 
uniform moment loading and same unbraced length from Mcr
analysis. 

X X

X – Brace Point
L/2

Mmax = PcrL/8=Mcr FEA

L/2
M M =MO FEA

X XX

31

Cb – FEA versus Equation Comparison

X X

BASP - Cb AISC - Cb

X XX

X XX

X X

W16x26 – L/d = 30

1.40

1.89

1.16

1.37

1.32

1.67

1.14

1.30

X – Brace Point
32
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BASP - Cb

X X

X X

X X

X X

X

X

1.76

2.70

2.66

3.39

1.92

2.27

2.38

2.38

X – Brace Point

BASP - Cb
W16x26 – L/d = 30

AISC - Cb

Cb – FEA versus Equation Comparison

Note: Unconservative, 
however the load 
point is usually a 
braced point

33

34

Load Position on the Cross Section

Bottom Flange Loading 
Increased Capacity

Midheight Loading 
Cb Applicable

Top Flange Loading 
Decreased Capacity

P

P

P

There are a number of mitigating factors that offset the effects of 
top flange loading is not an issue and Cb factors are directly 
applicable.  We are therefore not going to focus on load position; 
however consult the literature if you think you have an issue.  
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Lateral Torsional Buckling Strength 
(Elastic and Inelastic Region)

N
om

in
al

 F
le

xu
ra

l S
tr

en
gt

h,
 M

n

Mr =0.7FySx

Mp

0
0 Lp

Elastic Buckling

Lr Lb

Inelastic 
Buckling

Full Plastic 
Yielding

Mo; Cb = 1.0

CbMo ≤ Mp;  Cb > 1.0

To design for LTB, it is imperative that we have a good 
understanding of the above curve.

36

Lateral Torsional Buckling Strength 
Curves in AISC Manual (Pg. 3-99, 134)

Mr = 0.7FySx

Mp

0
0

Lp Lr Lb

Mo – Cb = 1.0

The AISC Manual provides the graphs of 
φMn versus Lb for Cb = 1.0 for all of the 
rolled wide flange shapes.  For a given 
shape, the curve stretches over 2 to 4 
pages.  While finding the appropriate 
curve for a given shape can be difficult at 
first, with experience it can be found very 
quickly.    
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Design Process (LFB, LWB, and LTB)
• When designing rolled beams based upon the elastic 

distribution of moments, LFB and LWB, have no impact on the 
design approach.  (LWB not a problem and LFB is already 
accounted for in the Zx Tables). 

• In some cases with redundant structures, engineers may 
make use of inelastic re-distribution of moments, which 
requires a compact section (no LWB or LFB).  In this situation, 
the LTB requirements also require more stringent brace 
spacing (Lpd requirements – Appendix 1); however we will not 
be focusing on plastic design concepts in this course.  

• In designing for LTB, there are a number of different methods 
that can be used to evaluate the buckling capacity.  All of the 
methods start the same way, by determining the maximum 
factored moment (Mu) and finding the lightest section in the 
Zx tables with φMp>Mu. (in ASD Mp/Ω>Ma) 

38

Design Process (LTB)
• Finding the appropriate beam chart can often be the most 

difficult aspect of evaluating the LTB capacity using the AISC 
Manual Design Aides.  

• The beam charts extend from (LRFD) design moments ranging 
from 0 k-ft to 12000 k-ft. on 36 pages and include the design 
strength curves for over 260 W-shapes.  

• To efficiently use the tables, the designer needs to be able to 
quickly locate one or two of the charts that might have the 
curve with the appropriate Lb so that the buckling strength 
(with Cb = 1.0) can be determined.  

• With experience, the designer can not only locate the page 
with the curve but also often relatively closely locate the 
point on the page that has the specific curve to be found.  
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Design Example 1

X XX
Pu = 125 k

16’ 16’

Find the lightest W-shape 
that can safely support the 
factored 125 k load.  Start 
by neglecting self weight.  

Mu ௨ܯ = ௨ܲ4ܮ = 324	ݔ	125 = 1000	݇′
4’ 4’ 4’ 4’

1000 k’750 k’
500 k’

250 k’

௕ܥ = 12.5 10002.5 1000 + 3 750 + 4 500 + 3 250 = 1.67
Find the lightest W-shape 
that supports Mu=1000 k’, 
with Lb=16’ and Cb=1.67.

40

Design Ex. 1 (continued) Pg. 3-23 
(Cropped and Spliced Table)
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Design Example 1 (continued)
Pg. 3-23 of AISC Manual

Mu = 1000 k’

A W30x90 is the lightest section with 
φMp=1060 k’> 1000 k’ = Mu.  

Although it doesn’t matter in this 
problem, the section is also compact 
(no footnote ‘f’).  The footnote ‘V’ 
just means that the web slenderness 
is such that φv=0.9.

Hypothetical: What if, due to 
architectural limitations we had a 
depth limit for the beam equal to 18 
inches?  

42

Design Example 1 (continued)
We now need to check if the W30x90 can support the design moment, Mu= 
1000 k’, with Lb = 16 ft. and Cb = 1.67. 

One way to do this is to find the beam chart that has the curve for the 
W30x90 for Lb=16’.  That will give us the buckling capacity of the beam with 
Cb=1.0 – I’m going to call that φMo.  We can then check that:
φMn= CbφMo= 1.67x φMo > 1000 k’ = Mu

Mr = 0.7FySx

Mp

0
0

Lp LrLb

Mr = 0.7FySx

Mp

0
0

Lp Lr

Mo

Mo

Cb=1.0

Lb

Cb=1.0 Cb>1.0



22

AISC Night School
July 10, 2017

Fundamentals of Stability
Session 4: Design of Flexural Members

Copyright © 2017
American Institute of Steel Construction

43

Find φMo with Lb = 16’

Before randomly flipping pages in the 
charts, consider information in Zx
tables. φMp=1060 k’, φMr=643 k’, 
Lp=7.38’, and  Lr=20.9’ 

Design Example 1 (continued)

φMr = 643

φMp = 1060

20.9′7.38′ 16′

≈5′≈9′

~4
20

 k
’

଴ܯ߶ = 643 + 514 420 ≈ 780

φMo

Find chart with φMo≈780 and Lb=16′ 

Pg. 3-23 of AISC Manual

44

Design Example 1 (continued)
Page 3-118:

φMo = 795 k′
Lb = 16′

Considering Moment Gradient:

φMn = 1.67x 795 k′

φMn = 1328k′ >1060k′ = φMp

φMn = 1060k′ = φMp >1000 k′ 

OK

How much does self-weight add?1.2 ݐ݂/ݏ90݈ܾ 32 ଶ8000 = 14݇′
No Problem – use W30x90
(check shear and LL deflections)
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Other Solutions to Design Example 1
There are other approaches that can 
also be used to evaluate LTB – some 
of which may be much quicker.

φMr = 643

20.9′7.38′ 16′

φMo

Since Lb = 16′ <20.9′ =Lr, we can 
conservatively check if CbφMr>Mu.  If 
it is, clearly CbφMo>Mu.
For our problem:
CbφMr= 1.67 x 643 
CbφMr= 1074k′>1060 k′ = φMp.
φMn = φMp = 1060k′ > 1000k′ = Mu.

OK – W30x90 will work
φMp = 1060

Pg. 3-23 of AISC Manual

46

Other Solutions to Design Example 1
Of course we can always use the equations from Chapter F of 
the specification!!!

We have a doubly symmetric beam that is compact so 
Section F2 Provisions Apply (Page 16.1-47).

Since Lb = 16′ < 20.9′ =Lr (in the interest of time, we are “cheating” and 
using the values directly from the Zx tables).  

From Zx Tables: φMp=1060 k′, φMr=643 k′, Lp=7.38′, and  Lr=20.9′ 
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Other Solutions to Design Example 1
Specification Equations (applying φ-factor throughout):

Try the W30x90: φMp=1060 k′, φMr=643 k′, 
Lp=7.38′, and  Lr=20.9′ 

௡ܯ߶ = ௕ܥ ௣ܯ߶ − ௣ܯ߶ − ௥ܯ߶ ௕ܮ − ௥ܮ௣ܮ − ௣ܮ ≤ ௣ܯ߶
௡ܯ߶ = 1.67 1060 − 1060 − 643 16 − 7.3820.9 − 7.38 = 1326	݇′ > 1060݇′ = ௡ܯ߶௣ܯ߶ = 1060	݇′ =  :௣>1000 k′ = MuThereforeܯ߶

As before, the W30x90 works.

Survey Question

For a beam bent about the strong axis (X-axis), 
the unbraced length of a beam (Lb) cannot 
exceed Lp in order to reach the plastic moment 
capacity (Mp = ZxFy):  
•

A) True
B) False

48
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Beams Braced on One Flange With 
Reverse Curvature Bending

The Cb expression that is included in Section F1 of the AISC 
Specification is intended for beams buckling between the 
braced points (points with twist prevented OR lateral 
movement of the compression flange).

In many common situations, continuous or restrained beams 
may have lateral bracing on one flange; however because the 
beam is subjected to compression in both flanges, evaluation 
of the buckling resistance is not clear.  

50

Lb

ME1

MCL

ME2-
+

Brace

Moment Gradient Factors with Top Flange 
Continuously Braced (Rolled Sections)

ME1= End moment that causes 
largest compressive stress in 
bottom flange

ME2= Other End Moment

MCL= Midspan Moment

1) If neither end moment causes 
compression in the bottom 
flange, there is not a buckling 
problem.  

2) When one or both end moments 
cause compression in the 
bottom flange, use Cb with Lb.  

௕ܥ = 3.0 − 23 ாଵܯாଶܯ − 83 ாଵܯ஼௅ܯ + ாଶܯ ∗
*Take ME2=0 in this term if ME2 is positive

This equation is in Chapter F Commentary
Eqn. C-F1-5 on Page 16.1-305.  
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0

1

2

3

4

5

6

7

8

9

-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1

ME2/ME1

C
b

FEA:  L/d = 30

FEA: L/d = 15

Cb Equation ME1

Lateral Brace

Lb

ME2

Moment Gradient Factors with Top 
Flange Continuously Braced

52

X XX

15′ 15′

Design Example 2

XXX X X XX X
XX X

X X

ME2 = 250 k′

ME1 = -400 k′

MCL = 60 k′

Consider the beam that is 
continuous over the supports 
as shown.  The top flange is 
continuously braced by closely 
spaced joists connected to a 
floor system.  The bottom 
flange is restrained at the 
supports and at midspan. 

Factored moments are shown.  
Select the lightest W-shape 
for the beam.   

Moments shown are factored.  Mu = 400 k′
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Design Example 2 (Continued)
Look in Zx tables to find lightest shape with φMp > 400 k′ = Mu

Try the W21x50 with φMp = 413 k′ > 400 k′ = Mu
Lr = 13.6′ < 15′ = Lb – Elastic LTB

φMo < 248 k′ = φMr……. Look for page with φMo~200 k′ at Lb=15′

Pg. 3-25

54

Design Example 2 (Continued)

Page 3-128
φMo < 248 k′ = φMr……. Look for page with φMo~200 k′ at Lb=15′

From Chart:
φMo=208 k′ 

Still Need to 
evaluate Cb
considering top 
flange continuously 
braced and Lb = 15′.
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Design Example 2 (Continued)
From Chart: φMo=208 k’

X XX

15’ 15’

XXX X X XX X
XX X

X X

ME2 = 250 k’MCL = 60 k’

ME1 = -400 k’

௕ܥ = 3.0 − 23 ாଵܯாଶܯ − 83 ாଵܯ஼௅ܯ + ாଶܯ ∗
௕ܥ = 3.0 − 23 +250−400 − 83 +60−400 + 0 ∗
*Take ME2=0 in this term if ME2 is positive

௕ܥ = ௢ܯ߶௕ܥ3.82 = 3.82 208 = 795	݇ᇱ > ௣ܯ߶ = 413	݇ᇱ߶ܯ௡ = ௣ܯ߶ = 413݇ᇱ > 400	݇′
OK - Use W21x50

(Check Shear and LL Deflections) 

56

Potential for Uplift on Beams in 
Roofing Systems

The efficiency of steel structures often lead to relatively light 
structures.  Negative pressure from wind loads can cause uplift on 
roofing beams that can overcome the gravity load moments and lead 
to compression in the bottom flange.  Therefore buckling of the 
bottom flange needs to be considered, but how to account for the 
restraint along the top flange?  

X X X X X X

XX

Gravity Moment

Potential Uplift from Wind

Negative PressureWind

If the negative pressure doesn’t cause compression in the bottom flange 
there is no beam buckling issue since top flange is continuously braced.

X – lateral brace
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CASE A: Both end moments are positive or zero

MCL

M0

M1

CASE B: One end moment is negative

MCL

M1

M0

CASE C: Both end moments are negative

MCL

M1 M0

These equations are in Chapter F Commentary (Page 16.1-307).

Moment Gradient Factors with Top 
Flange Continuously Braced (Uplift)

58

Buckling of Unbraced Cantilevers

L
Pcr

PcrL L

Maximum Twist

Zero Moment Maximum Twist

Maximum Moment

Do not use “Lb = 2L” for unbraced cantilevers. 
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Buckling of Unbraced Cantilevers

Lc Pcr

Use Lb = Lc for unbraced cantilevers (overhanging beams).
Lc

PcrPcr

Lc

Brace

The AISC Specification (Section F1) recommends to use Cb = 1.0 
for unbraced cantilevers. Lower Bound Cb values (from 
Timoshenko):  

Cb = 1.28 Cb = 2.04

60

Effect of Fixed End Condition

Lc

Assumption when using Lb = Lc for unbraced cantilevers:

Mwarping

Brace

Assumed Buckled Shape 
(full warping restraint)
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Lc = 20’

Brace P
W16x26

A A

Section A-A

Column 
Size Pcr

“0”
W8x24

W14x211

Fixed

2.11 min

3.61 max

2.18

3.08

Effect of Fixed End Condition

The results tabulated for 
Pcr below were 
determined from BASP –
Buckling Analysis of 
Stiffened Plates

62

Lc = 20’ P
W16x26

A A

Approximation for Unbraced
Cantilevers

Neglect the warping term 
in the calculation of the 
buckling capacityܯ௖௥ = ௕ܥ ௕ܮߨ ܬܩ௬ܫܧ

௖௥ܯ = ௕ܥ ௕ܮߨ ܬܩ௬ܫܧ = 475	݇"
Iy = 9.59 in4

J = 0.26 in4

1.28 240 in.

Column 
Size Pcr

“0”
W8x24

W14x211

Fixed

2.11 min

3.61 max

2.18

3.08௖ܲ௥ = 475݇" /240”=1.98k

Note: If warping term is not 
neglected, Pcr = 2.78k
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Lc = 8′ Pu=40k

Design Example 3 (Cantilever in 
Inelastic Buckling Range)

Consider the 8′ 
long cantilever 
with a 40 kip 
load at tip.  Tip is 
unbraced.  Find 
lightest W-shape.

Mu=(40k)x8′ = 320 k′

Check the Zx Tables to find lightest W-shape with 
φMp>320 k’

64

Design Example 3 (Cantilever in 
Inelastic Buckling Range)

Page: 3-25

The W21x44 has 
φMp = 358 k′ >320k′

Lr = 13′ > 8′ = Lb

Check LTB:

This section is in the 
inelastic range.  If we were 
to use the beam charts, 
they include the warping 
stiffness.  So how can we 
check LTB without including 
the warping term?



33

AISC Night School
July 10, 2017

Fundamentals of Stability
Session 4: Design of Flexural Members

Copyright © 2017
American Institute of Steel Construction

65

Mr = 0.7FySx

Mp

00 Lp Lr Lb

Design Example 3 (Cantilever in 
Inelastic Buckling Range)

௡௪	௖௥ܯ = ௕ܮߨ ܬܩ௬ܫܧ
௖௥ି௪ܯ = ௕ܮߨ ܬܩ௬ܫܧ + ௕ܮܧߨ ଶ ௪ܥ௬ܫ

Since the buckling curve in the inelastic range is a straight line,  we 
just need to figure out Mr from the elastic equation, neglecting 
warping.  This can be found by using the Mcr nw equation above and 
just inserting Lb = Lr.     

We need to find Mr-nw (neglecting warping)

Mr-nw

66

Design Example 3 (Cantilever in 
Inelastic Buckling Range)

W21 x 44: Iy = 20.7 in4, J= 0.77 in4, Lr = 13′, Lp = 4.45′,φMp=358 k′

ܯ௥	௡௪ = 0.9 ௥ܮߨ ܬܩ௬ܫܧ
ܯ௥	௡௪ = 0.9 12ݔ13ߨ 0.77ݔ11200ݔ20.7ݔ29000 = 1304	݇" = 109	݇′

௡ܯ߶ = ௕ܥ ௣ܯ߶ − ௣ܯ߶ − ௥ܯ߶ ௕ܮ − ௥ܮ௣ܮ − ௣ܮ ≤ ௣ܯ߶
௡ܯ߶ = 1.28 358 − 358 − 109 8 − 4.4513 − 4.45 = 326	݇ᇱ > 320	݇ᇱܱܭ

Use Inelastic Buckling Equation (F2-2) Page 16.1-47: 

Lower Bound Cb from Timoshenko.

OK – Use W21 x 44Check LL Deflections and Shear
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Built-Up Sections
The AISC Manual provides a number of tables and charts 
that allow the designer to quickly select an economical 
rolled section to satisfy the basic design requirements.  In 
many instances, a designer may opt to design a built-up 
flexural member.  Two of the primary reasons that an 
engineer may decide to design a built up section include the 
following: 

• The necessary clear span is larger than what can be 
efficiently spanned with rolled shapes.  For example, 
considering some approximate maximum desirable 
span/depth for W44 shapes (deflections become an issue):

• The established geometry of rolled sections often may result 
in relatively inefficient use of the material.  

Simple Supports: 90′~100′ Continuous: 115′~130′

68

Built-Up Sections
From the perspective of efficiency, rolled wide flange 
shapes have relatively stocky webs.  Recall that the most 
slender-webbed wide flange shape is a W30x90 that has an 
h/tw = 57.5.  

For Grade 50 Steel, recall the following web slenderness 
limits from Table B4.1b on Page 16.1-17:

௣௪ߣ = 3.76 ௬ܨܧ = 	௬ܨ640
௥௪ߣ = 5.70 ௬ܨܧ = ௬ܨ970

Rolled Shapes

ߣ = ℎݐ௪ < 57.5
Fy = 36 ksi Fy = 50 ksi

106.7 90.5

161.7 137
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Built-Up Sections
Consider the performance of the material in the cross section of 
an I-shape from the perspective of the moment of inertia: 

12″ x 1″ Flanges

web
36″ x 0.5″

37″

௫ܫ =෍ ௢ܫ + ଶ݀ܣ
௫ܫ = 2 112 12" 1" ଷ + 12݅݊ଶ 372 ଶ + 112 0.5 36 ଷܫ௫ = 2 1݅݊ସ	 + 4107݅݊ସ + 1944݅݊ସ = 10160݅݊ସ

Flange Web

For this numerical example, the flange Ad2

term contributes about 80% of the total 
moment of inertia and the web contributes 
the other 20%.  

70

Built-Up Sections
While the moment of inertia is more related to the “flexural 
stiffness” of the cross-sectional shape, the impact on the “flexural 
strength” is similar.  Most of the bending strength comes from the 
flanges.  The web primarily carries the shear.  Therefore, adding 
extra material to the web, is relatively inefficient at improving the 
flexural strength.  

If we wanted to be able to reach the plastic 
bending capacity, Mp, from an efficiency 
perspective we would do better to have a web 
slenderness closer to λp. 

A significant amount of the material is in the 
girder web. We often may be better off to size the 
section with a more slender web (λ≥λp) resulting 
in a moment capacity that may be below Mp. 
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Preliminary Sizing of Built-Up Sections
One of the nice aspects with built-up sections is that we have a 
great deal of freedom in proportioning the section; however we 
often may not have a feel for what is efficient.   

From an efficiency perspective, we often want to 
design the web to be able to “just” support 
applied shear and the size the flanges to support 
the bending moment working with the web.  In 
many situations, the resulting web is relatively 
slender, resulting in a moment capacity that is 
often closer to the yield moment, My.  

The resulting web is often in the elastic shear 
buckling range.  

72

Preliminary Sizing of Built-Up Sections

߬௖௥ = ௖ܸ௥ܣ௪ = ௩12݇ܧଶߨ 1 − ߭ଶ ℎ ௪ൗݐ ଶ

In AISC: Nominal Shear Strength = Vn = 0.6FyAwCv Eqn. G2-1, 
Pg. 16.1-67 Aw=dtw

d
tw

߬௬ = ௬ܨ0.6

௩ܥ = ߬௖௥߬௬

௩ܥ = ߬௖௥߬௬ = ௩12݇ܧଶߨ 1 − ߭ଶ ℎ ௪ൗݐ ଶ ௬ܨ0.6 = ௩ℎ݇ܧ1.51 ௪ൗݐ ଶ ௬ܨ

Elastic Shear Buckling: (h/tw >74 for unstiffened web and Gr. 50)߭ = Poisson’s Ratio = 0.3

Eqn. G2-5, 
Pg. 16.1-68 
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Preliminary Sizing of Built-Up Sections

Elastic Shear Buckling Resistance (unstiffened web):

Aw=dtw

d tw

௨ܸ ≤ ߶ ௡ܸ = ௩ܥ௪ܣ௬ܨ0.6ݔ0.9 = ௬ܨ0.54 ௪ݐ݀ ௩ℎ݇ܧ1.51 ௪ൗݐ ଶ ௬ܨ
d ≈ h 
kv=5 
E=29000 ksi

௨ܸ ≤ 118,200 ௪ݐ ଷℎh

௪ݐ ≥ ௨ܸℎయ49.1

Most economical built-up shapes have non-compact or slender 
webs, which puts them in the elastic shear buckling region.  

What should 
we use for h?

74

Preliminary Sizing of Built-Up Sections

Girder Depth (d ≈ h): 

d tw h

There are a number of approaches to get preliminary sizes for 
girder depth and flange widths.  

tf

bf

We can start with maximum span to depth ratios (L/d):

Simply – Supported: L/d ≤ 25
Continuous Girder: L/d ≤ 30 - 35

Rolled beam shapes often have bf ≈ 0.33d

Flange Width, bf: 

In many cases a more practical value is 
probably bf ≈ 0.25d
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Preliminary Sizing of Built-Up Sections
Yura developed an expression for an efficient girder depth based upon the 
elastic shear capacity and first yield of a doubly symmetric shape (See SSRC 
Guide Chapter 6).  Depending on LRFD or ASD formats, a starting point for an 
efficient web is as follows:

Aw=dtw

d
tw

ASD 

ℎ௘௙௙ = 7.6 Ωܯ௥ ௬൘ܨ ଷ ଻ൗ
Ω ௥ܸ ଵ ଻ൗ

LRFD

ℎ௘௙௙ = 7.6 ௥ܯ ௬൘ܨ߶ ଷ ଻ൗ
௥ܸ ଵ ଻ൗ

௪ݐ = Ω ௥ܸ ଵ ଷൗ ℎ௘௙௙ ଵ ଷൗ50.3 ௪ݐ = ௥ܸ ଵ ଷൗ ℎ௘௙௙ ଵ ଷൗ49.1
The slightly different constants on the web thickness expressions are 
due to a φ=0.9 for LRFD

Approximate Girder Weight:  (Units: wt/ft. - lbs./ft; Mr: k-in, Fy: ksi)= Ωܯ௥ ଶ ଷൗܨ௬ASD Wt./ft = ௥ܯ ଶ ଷൗܨ௬LRFD Wt./ft

75

Preliminary Sizing of Built-Up Sections
In reality, the economy of the girder is highly dependent on the plate 
thickness values that we can get in practice.  For example, we may 
start with a specific “h” and solve for the required web thickness 
based upon the maximum shear.  

76

LRFD Example:

70′
Mr = 2200 k-ft, Vr = 126 k

Gr. 50 Steel: Fy = 50 ksi

ℎ௘௙௙ = 7.6 ௥ܯ ௬൘ܨ߶ ଷ ଻ൗ
௥ܸ ଵ ଻ൗ = 58	݅݊.

tw = 0.39″ is not a realistic thickness.  We have to select between 
3/8= 0.375″ and 7/16 = 0.432″.  
As we change tw, the required h will also change.  

Wu = 3.6 k/ft

௪ݐ = ௥ܸ ଵ ଷ⁄ ℎ௘௙௙ ଵ ଷ⁄49.1 = 0.39"
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Preliminary Sizing of Built-Up Sections

77
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LRFD Preliminary Sizing Example
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70′

Mr = 2200 k-ft, Vr = 126 k
Fy = 50 ksi

If we pick tw = 0.375″, the limiting depth for elastic shear buckling 
changes.  Our web will have exactly the adequate shear strength. 
Note: We tend to think of shear design in terms of web shear yielding 
where we have φ0.6Fy Aweb and a thinner web requires a deeper web 
to maintain Aweb.   However, because this is a buckling problem a 
thinner web requires a more shallow section :ℎ = 118,200 ௪ݐ ଷ௥ܸ = 118,200 0.375" ଷ126	݇ = 50" (L/d = 17)

Or Try L/d ≈ 25: h = 28”  (it’s actually L/d ≈ 30 to get a practical thickness)ݐ௪ = 126	݇ ଵ ଷ⁄ 28" ଵ ଷ⁄49.1 = 0.31" Try 5/16″ = 0.3125″
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LRFD Preliminary Sizing Example

79

Try both girders to get an indication of the difference in 
Efficiency (Mr = 2200 k-ft = 26400 k-in):

Web
3/8″ x 48″

h/t
A

Compact?
<90.5? No

Elast. Shear?
>74? Yes

φVn
130 k

Aweb

18 in2
Girder

133

5/16″ x 28″B <90.5? No >74? Yes 129 k 8.8 in293

Size the Flanges: (Non-compact girder: λp = 90.5 < 133 < 137 = λr)ܣ௙ = 	 ௬ℎܨ߶௥ܯ − ௪4ܣ + ௪12ܣ ߣ − ௥ߣ௣ߣ − ௣ߣ = 9.1	݅݊ଶ
Use 12″ x 0.75″ flanges   - φMn = 2170 k-ft ≈ 2200 k-ft.

Total Area = 36 in2 - Section weighs 123 lbs/ft

(Close enough for this example)

Girder A:

Rearranged Eqs. 
F4-1 and F4-9b 
Pgs. 16.1-50,51

Compact Flange

LRFD Preliminary Sizing Example

80

Web
3/8″ x 48″A

Girder

5/16″ x 28″B

Flange
12″ x 0.75″

Total Area
36 in2

Lbs/ft
123

18″ x 1.062″ 47 in2 160

• If depth is not a limitation – clearly the deeper girder is much 
more efficient (Girder B is 30% heavier).  Girder B is also more 
likely to be controlled by LL Serviceability (Ix Gir. B << Ix Gir. A).  

• Although Section B has more steel – how does it compare to a 
rolled section?  From Z-tables, a W30x173 has φMp = 2270 k – ft, 
which is a little over 8% heavier.

• For a 70 ft. span, we would probably typically use a rolled 
section due to simplified fabrication.  However for longer spans 
or cases with special demands, a built-up section will often be 
necessary and we can be more efficient.    

Ix (in4)

8650
14150
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Summary
• The AISC Manual has a number of very useful tables 

and charts that provide an efficient means of 
evaluating the buckling capacity of beams.  

• There are a number of “methods” that you can use to 
efficiently evaluate the beams buckling capacity.  
Understanding the shape of the curve of the buckling 
strength versus the unbraced length is important in 
order to efficiently apply the different methods as well 
as understanding when a given method may not be 
applicable. 

• Moment gradient can result in a substantial increase in 
the lateral-torsional buckling strength.  There are a 
number of useful Cb expressions provided in the AISC 
Commentary that can be used to account for various 
bracing and load cases.  

81

Summary
• The unbraced length for cantilevers with bracing only at 

the support should be taken as the length of the 
cantilever.  Moment gradient factors for unbraced
cantilevers were presented.  

• Using the actual length of the cantilever essentially 
assumes that full warping restraint will be achieved at 
the support.  Distortion in the supporting column or 
warping deformation in overhanging beams can 
substantially reduce the buckling capacity of the beam.  
In these cases, the warping term should be neglected.  

• Some preliminary sizing expressions were briefly 
discussed that can be used in the design of built-up 
sections.  

82
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Up Next…
• Session 5: July 17 

Stability of Structural Systems
by R. Ziemian, PE, PhD

• This lecture will begin with a review of basic 
concepts related to the stability of structural 
systems. With an eye towards design, the 
difference between a bifurcation or critical load 
analysis and the loss in stiffness due to second-
order effects and material yielding, as the 
maximum resistance of physical structures is 
approached, will be emphasized. The lecture will 
conclude with an overview of the direct analysis 
and effective length methods.
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Go to www.aisc.org and sign in.

Night School Resources for 8-session 
package Registrants

Go to www.aisc.org and sign in.

Night School Resources for 8-session 
package Registrants
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