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Thank you for joining our live webinar today. ‘

We will begin shortly. Please standby.

Thank you. o \

Need Help?
Call ReadyTalk Support: 800.843.9166
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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.

C I{ﬁg ht School

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
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Course Description

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 360-10/14t Ed. Manual will be addressed as well as methods
for the preliminary sizing of built-up girders.
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Learning Objectives

* Explain the compact section criteria of a flexural
member to reach M.

* 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.

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

There’s always a solution in steel.

structural
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Fundamentals of
Stability for
Steel Design

Session 4
Design of Flexural Members

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

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.

* SSRCis 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
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Design of Flexural Members

Cross-Sectional Requirements to reach M,
(Compact Section Criteria)

Lateral Torsional Buckling

— Moment Gradient Factor (C,) Gravity Loading
— Using AISC LTB Charts along with Z, 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
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Reaching/Designing Based Upon M,

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, M. While
there are a number of limit states that prevent us from
being able to design based upon M,, we will focus
tonight on the following categories that involve local
and global stability modes :

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

13

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.

LocaFIn Bucking (LFB) Local Web (Bend) Buckling (LWB)

14
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Local Buckling Modes
A flange or a web that can undergo an inelastic rotation
capacity of “3” and maintain M, 2 M, without local

buckling is said to be compact.  ocal buckling of the
section is controlled by

M_4 limiting the
slenderness, A, of the
M, O N\ plate element.
JL’(
i
360, t, Ih Web: A, = h/t,,

t Flange: A; = by/2t;
0, 40, 9 =T

f
The compact section requirements only address local buckling
modes. The compact section requirements have nothing to do

with lateral torsional buckling (LTB).

15

Compact Section Requirements

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

To be compact A <A,

E
<t Web: A, =1/, < 3.76\/1; = pw
. } y
T
f

t Flange: 2, =/, <038 |5 =2
ge: A= 2e, = E,

In order for a cross section to be compact, both the
flange and the web must be compact.

16
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Compact Section Requirements

Consider the webs of all rolled wide flange shapes:

v— US Units
E 640

AN

For Grade 50 Steel, A, =90.5
The rolled W-shape with the most slender web is a

W30x90 with h/t,, = 57.5<<90.5=A,,,,
ﬁlﬁt]c Note: The W30x90 would need to have F, = 124 ksi
to have a non-compact web
I Therefore, all rolled W-shapes have compact
FTI T webs for the current grades of steel that are
f widely used in practice.

Web: Ay, = 3.76

17

Compact Section Requirements

Considering flanges of all rolled wide flange shapes:
v— US Units

4 b E 65
t Flange: A, = f/th <0.38 F_y = \/_T
y

For Grade 50 Steel, A, =9.2

[

f
W T 11 sections do not have compact flanges (F, = 50 ksi).
Consider User Note: Section F2 - Page 16.1-47

User Note: All current ASTM A6 W, S, M, C and MC shapes except W21x48,
W14x99, W14x90, W12x65, W10x12, W8x31, W8x10, W6Ex15, W6Ex9,
W6x8.5 and M4x6 have compact flanges for £, = 50 ksi (345 MPa); all
current ASTM A6 W, S, M, HP, C and MC shapes have compact webs at
F, < 65 ksi (450 MPa).

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

18
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Effect of Local Flange Buckling on

Nominal Flexural Strength, M,

Beam Strength

Noncompact

flange

0

1
1
1
:
* 038 E E 10 E Slender flange
. Fy 1 ' Fy
}J !

7\’rf
Slenderness, A=by/2t;

*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.

19

Z, Tables in AISC Manual (Pg. 3-24)

Table 3-2 (continued)
Z x W-Shapes F,=50ksi | The Design of Rolled
Selection by Z, Beams Typically
starts in the Z, Tables.
Mol €22] oMy | Wind 20| 0o | BF/<20] 00BF Uor 2] e .
Z L [
spe | & [ kot kit kit | ks s | 7 | “ | " [kis | ks | ThETre is a great deal
in® | ASD | LRFD | ASD | LRFD | ASD | LRFD | # | ft | in' | ASD | LRFD finf ti .

Woaea | 224 | 550 | s40 | 342 | 515 | 162 | 202 | 680 | 203 | 2370 | 22 | a0 | OT INTOrmMation in
W21x93 | 221 | 551 | 829 | 335 | 504 | 146 |220 | 650 | 21.3 | 2070 | 251 | 376
Wiza3s | 214 | 534 | 803 | a25 | ass | 402| 608|112 | eaz | 1240 | 212 | ms | these tables and we
W14x120 | 212 | 529 | 795 | 332 | 499 | 509 | 7.65|132 | 519 | 1380 | 171 | 257 . .
Wigxa7 | 211 | 526 | 701 | 328 | 404 | 941|141 | 936 | 304 | 1750 | 190 | 200 | Will be s pen din g
W24x76 | 200 | 499 | 750 | 307 | 462 |151 |226 | €78 | 195 | 2100 | 210 | 315 . looki
Wis00 | 198 | 404 | 743 | a0b | 450 | 76| 119 | 887 | 328 | 1400 | 188 | 203 | SOME time looking at
W21x83 | 196 | 489 | 735 | 299 | 449 | 138 | 208 | 646 | 202 | 1830 | 220 | 331 ..
W14x109 | 192 | 479 | 720 | 302 | 454 | 501 | 7.54|132 | 485 | 1240 | 150 | 225 the eff|C|e nt use Of
W18x86 | 186 | 464 | 698 | 290 | 436 | 9.01 | 136 | 929 | 286 | 1530 | 177 | 265
Wi2c120 | 186 | 464 | 698 | 285 | 426 | 384 | 595|111 | 565 | 1070 | 186 | 279 | these tables.
W24x68 | 177 | 442 | 664 | 269 | 404 |141 |21.2 | 661 189 | 1830 | 197 | 205
W16x89 | 175 | 437 | 656 | 271 | 407 | 7.76 | 116 | 880 | 302 | 1300 | 176 | 265
Widxoo! | 173 | 430 | 646 | 274 | 412 | 491 | 7.35|135 | 453 | 1110 | 138 | 207

ASD LRFD | Shape exceeds compact limit for flexure with F,= 50 ksi.

" Shape does not meet the A/t limit for shear in AISC Specification Section G2.1(a) with Fy = 50 ksi;

Qp=1.67 | 0p=0.90 therefore, o, =0.90 and Q,=1.67.
Qy=150 | 6,=1.00

20
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Consider Design Z, Tables in AISC Manual

Pg. 3-24
g W14x99: the
Z Table 3-2 (continued) footnote ‘f’ means
- al = i . .
x W-Shapes Fy=50ksi the section is non-
Selection by Z,
compact
Mol 20] 9Mpx [ Min/ 0] e | BF/25] 40BF [
Shape & kipji tip-ﬂ kipizt zip-ﬂ ki:: tips L L k ki:: tips 3
in® | ASD | LRFD | ASD | LRFD | ASD | LRFD ft ft in! | ASD | LRFD —_ 1
W24x84 224 559 | 840 | 342 | 515 | 162 | 242 6.89 | 20.3 | 2370 | 227 | 340 ZX - 173 In

W21x93 221 551 829 | 335 | 504 | 146 | 220 | 650 | 21.3 | 2070 | 251 | 376
W12x136 214 | 534 | 803 | 325 | 488 402 | 606|112 | 632 | 1240 | 212 | 318 ¢M — ¢Z F
W14x120 212 | 529 | 795 | 332 | 499 5.09| 765|132 | 51.9 | 1380 | 171 | 257 14 - X'y

W18x97 211 526 | 791 | 328 | 494 941 | 141 936 | 30.4 | 1750 | 199 | 299
W2476 200 499 | 750 | 307 | 462 | 151 | 226 6.78 | 195 | 2100 | 210 | 315

Wi6x100 | 198 | 494 | 743 | 306 | 459 | 7.86| 11.9 | 887 | 328 | 1490 | 199 | 298 0.9x173x50ksi
W21x83 | 196 | 489 | 735 | 299 | 449 [138 | 208 | 646 | 202 | 1830 | 220 | 331 ¢ -
Wiax100 | 192 | 479 | 720 | 02 | 454 | 501 | 754|132 | 485 | 1240 | 150 | 225 14 in

W18x86 | 185 | 464 | 698 | 290 | 436 | 9.01 | 136 | 920 | 286 | 1530 | 177 | 265 12 /

Wi2x120 | 186 | 464 | 698 | 285 | 428 | 394 | 595|111 | 565 | 1070 | 186 | 279 f t

W24x68 177 | 442 | 664 | 269 | 404 | 141 | 212 | 6.61 | 189 | 1830 | 197 | 295

W16x89 175 | 437 | 656 | 271 | 407 | 7.76| 11.6 | 8.80 | 302 | 1300 | 176 | 265 ¢Mp — 649k_ft

W14x99' <173 | 430 274 | 412 491 | 736|135 | 453 | 1110 | 138 | 207

ASD | LRFD " Shape exceeds compact limit for flexure with fy = 50 ksi.
*Shape does not meet the it limit for shear in AISC Specification Section G2.1(a) with Fy= 50 ksi;
Q=167 | o= 00 | therefore, 6,=0.90 and @, = 1.67.

Q=150 | 6,=1.00

FromTable: pM, = 646 k — ft < 649 k — ft

The Table reflects that the section is non-compact.

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)

Copyright © 2017
American Institute of Steel Construction
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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

Brief Review of LTB from Last Week. M

Twisting
movement

Lateral
movement

“Lateral torsional buckling (LTB)”

4
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Member instability:
Lateral Torsional Buckling

Definition of L, — Unbraced Length for
Beams

X - Braced Point

Page 16.1-47:
L, is the spacing between points that are either braced against
lateral displacement of the compression flange OR braced
against twist of the cross section. o

Therefore, effective bracing for beams can be achieved by
preventing EITHER lateral movement of the compression flange
OR twist of the section.

26
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Elastic LTB: Chapter F2 Equations (Pg. 16.1-47,48)

2
P;r:Cb”—lf 1+0.O78L ﬁ
L, S.d\ 1,
v,

27

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

Page 16.1-48

User Note: Equations F2-3 and F2-4 provide identical solutions to the following
expression for lateral-torsional buckling of doubly symmetric sections that has
been presented in past editions of the AISC LRFD Specification:

2
T TE
My =Cp—|EL,GI+| — | I,C,
cr b Lb \j ¥ (Lb J yew
The advantage of Equations F2-3 and F2-4 is that the form is very similar to the
expression for lateral-torsional buckling of singly symmetric sections given in
Equations F4-4 and F4-5.

There are benefits to both solutions. Equation F2-4 (F_,), 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.

28
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Effect of Moment Gradient

12.5M,,,.,
2.5M g + 3M, + &My + 3M,

Cb=

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

M.« = Maximum moment anywhere along L,
M, = Moment at L,/4

Mg = Moment at L,/2

M. = Moment at 3L,/4

29

Effect of Moment Gradient

W=3.12 k/ft

HEEEEYEEEEN

24" } 24"

AN
77

X — brace point

244 300
75

Z BN

-600

~ 12.5(600)
~ 2.5(600) + 3(206) + 4(75) + 3(244)

C, =238

30
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./ American Institute of Steel Construction

15



AISC Night School
July 10, 2017

Fundamentals of Stability
Session 4: Design of Flexural Members

Calculating C, factors using FEA programs

Mcr FEA

C, =
My g

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

Mo rea = Buckling moment from eigenvalue buckling analysis with
uniform moment loading and same unbraced length from M,
analysis.

J PN Mz M=Morea

- - X —Brace Point
Ivlmax - I:)crl-/g_lvlcr FEA

31

C, — FEA versus Equation Comparison

BASP - C,

W16x26 —L/d = 30

D 1.40 1.32

AISC - C,

4t 5| 189 1.67
il 916 1.14
il 137 1.30

X — Brace Point
32
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C, — FEA versus Equation Comparison

BASP - C,

W16x26 —L/d = 30

AISC - C,

—t 4 1.76

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

o} 2.70

JLLiiiy 7 66

2.38

2.38

X — Brace Point 33

p

Bottom Flange Loading
Increased Capacity

Load Position on the Cross Section

Midheight Loading
C, Applicable

Top Flange Loading
Decreased Capacity

There are a number of mitigating factors that offset the effects of
top flange loading is not an issue and C, 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.
34
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Inelastic
Buckling

Full Plastic
Yielding

Lateral Torsional Buckling Strength
(Elastic and Inelastic Region)

Elastic Buckling

Nominal Flexural Strength, M|

understanding of the above curve.

To design for LTB, it is imperative that we have a good

35

The AISC Manual provides the graphs of
oM, versus L, for C, = 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

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

Fy-s0k

G=1
My/Cy | oMy

apt | kipnt
ASD_| B

Table 3-10 (continued)
W-Shapes

Available Moment vs. Unbraced Length
T TV VR TR

American Institute of Steel Construction

curve for a given shape can be difficult at -
first, with experience it can be found very %

quickly. =
/é 0
v, ~ i
M,=0.7FVSX-———-:-_-__ § ©
: : M,-C,=1.0 H

! 1

! 1
1 1 610
o L, L L .

Copyright © 2017
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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 Z, 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 (L,4 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 (M) and finding the lightest section in the
Z, tables with M >M,,. (in ASD M /Q>M,)

37

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 L, so that the buckling strength
(with C, = 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.

38
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Design Example 1

lPu =125k Find the lightest W-shape

X that can safely support the
’7-"53 16’ 16’ 7777

| : | factored 125 k load. Start
I I | by neglecting self weight.
M, P,L 125x32
Mu = =
4 4

\V2

50075'0{( 100k Find the lightest W-shape

250 k' that supports M,=1000 K/,
with L,=16" and C,=1.67.
kA : :

VR U}

~

12.5(1000) P

Cv = 25(1000) + 3(750) T 4(500) + 3(250) _ =27

= 1000 &’

39

Design Ex. 1 (continued) Pg. 3-23
(Cropped and Spliced Table)

Table 3-2 (continued)
Fy = 50 ksi W-Shapes Z X

Selection by Z,

2 Plox/2a] oM [/ 0] G0y | BF/C2, | 00BF o/ 2y Ve
Shape * | kip-ft | kip-ft | kip-ft | kip-ft | Kips | kips kips | kips

in® | ASD | LRFD | ASD | LRFD | ASD | LRFD | ft it in | ASD | LRFD

W30:00 283 | 706 | 1060 | 428 | 643 | 206 |30.8 | 7.38| 20.9 | 3610 | 249 | 374
W24103 | 280 | 699 | 1050 | 428 | 643 (182 | 274 | 7.03 | 21.9 | 3000 | 270 | 404
W21x111 279 | 696 | 1050 | 435 | 654 | 124 (189 |102 | 31.2 | 2670 | 237 | 355
W27x94 278 | 694 | 1040 | 424 | 638 | 191 (285 | 7.49| 21.6 | 3270 | 264 | 395
W12x170 | 275 | 686 | 1030 | 410 | 617 | 411| 615|114 | 785 | 1650 | 269 | 403
W18x119 | 262 | 654 983 | 403 | 606 |10.1 | 152 | 950 | 343 | 2190 | 249 | 373
W14:<145 | 260 | 649 975 | 406 | 609 | 513 | 7.69 | 141 | 61.7 | 1710 | 201 | 302
W24>94 254 | 634 953 | 388 | 583 |17.3 | 260 | 6.99 | 21.2 | 2700 | 250 | 375
W21x101 253 | 631 949 | 396 | 596 |11.8 | 17.7 |102 | 30.1 | 2420 | 214 | 321

w2784 244 609 915 | 372 | 559 | 176 | 264 7.31 | 20.8 | 2850 | 246 | 368
W12x152 243 | 606 911 [ 365 | 549 4061 6101113 | 70.6 | 1430 | 238 | 358

40
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Table 3-2 (continued)

Z

Design Example 1 (continued)

Fy =50 ki W-Shapes Pg. 3-23 of AISC Manual
Selection by Zy
M, = 1000 k’
Mox/ Q) OoMpx | M/ Q) oM | BF/Qp| 0nBF Vox/Qy| obix u~
Shape = Kip-ft | Kip-ft | kip-ft | kip-ft | kips | kips b b & kips | kips
in | ASD | LRFD | ASD | LRFD | ASD | LRFD| ft | ft | in‘ | ASD | LRFD
wvate | a7s |‘oas | 1420 | 575 | sea |2ns |74 | 774|226 [aom |am [ s0 | A \W30x90 is the lightest section with
W2ix147 | a3 | 931 | 1400 | 675 | 864 187 [20.7 [104 | 363 | 3630 | 318 | 477
< 3 | 26 [ 105 | 1. - ’ ’_
Wiociso | s | aa8 | 1o | 1 | 516|108 | 150 | oas | 20 |soe0 | a0 | 0 | OM=1060 k'>1000 K" = M.
W14x193 355 | 886 | 1330 | 541 | 814 | 530 | 7.93| 143 | 794 | 2400 | 276 | 414
Wi12x210 348 | 868 | 1310 | 510 | 767 | 4.25| 645|116 | 958 | 2140 | 347 | 520
Woriiid | e | s | 12 | 52 | 15 |27 | 920 | 70| 201 a0 |1 | 4 | Although it doesn’t matter in this
W2ixi32 | 333 | 831 | 1250 | 515 | 774 132 [19.9 [103 | 342 | 3220 | 283 | 425 L
weha7 | a7 | 816 | 1230 | 508 | 7e¢ | 154|283 |04 | 304 350 | 267 | 40t | problem, the section is also compact
W18x143 322 | 803 | 1210 | 493 | 740 | 103 | 157 961 | 39.6 | 2750 | 285 | 427 ’
W14x176 320 | 798 | 1200 | 491 | 738 | 520 | 7.83 | 142 | 732 | 2140 | 252 | 378 (no footnote ‘f’) The footnote ’V'
W30x99 312 | 778 | 1170 | 470 | 706 | 222 | 334 7.42| 21.3 | 3990 | 309 | 463 . :
v o) (7o & s fe s S just means that the web slenderness
WaTx102 | 305 | 761 | 1140 | 466 | 701 |20 | 298 | 7.59 | 223 | 3620 | 279 | 419 | -
Wiciso | 200 | 726 | 10% | aa7 | 672 |10z | 154 | o5 | sas | 2a00 | 260 | ses | 1S SUCh that ¢V=O.9.
W24x104 | 289 | 721 | 1080 | 451 | 677 |14.3 | 21.3 | 103 | 29.2 | 3100 [ 241 362
W14x159 | 287 | 716 | 1080 | 444 | 667 | 517 | 7.85|14.1 66.7 | 1900 | 224 | 335
okt ss0~ooa o T4z T oao [se T ri [ 7as s Teow e T T Hypothetical: What if, due to
w21x111 279 | 696 | 1050 | 435 | 654 | 124 | 189 |10.2 | 31.2 | 2670 | 237 | 355 . . . . 4
Wisro | 275 | o | oo | 410 | e | 'm| sie e | s | os | e | | @rChitectural limitations we had a
Wi18x119 | 262 | 654 983 | 403 | 606 |10.1 | 15.2 9.50 | 34.3 | 2190 | 249 | 373 . .
Wi4xid5 | 260 | 649 | 975 | 405 | 609 | 543 | 7.60| 141 | 617 | 1710 | 201 | 302 depth limit for the beam equal to 18
W24x94 254 | 634 953 | 388 | 583 |17.3 | 26.0 6.99 | 21.2 | 2700 | 250 | 375 .
Waix101 | 253 | 631 | o49 | 3%6 | se6 |11.8 [17.7 [102 | 301 |2620 | 214 | 321 | jnches?
w27x84 244 | 609 915 | 372 | 559 (17.6 | 26.4 7.31| 208 | 2850 | 246 | 368
W12x152 | 243 | 606 911 |"385 | 549 | 40681 6101113 | 706 | 1430 | 238 | 358
41
We now need to check if the W30x90 can support the design moment, M =
1000 K, with L, = 16 ft. and C, = 1.67.
One way to do this is to find the beam chart that has the curve for the
W30x90 for L,=16". That will give us the buckling capacity of the beam with
C,=1.0 - I'm going to call that M. We can then check that:
OM, = C,0M_= 1.67x oM, > 1000k’ = M,
C,=1.0 C,>1.0
42
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Design Example 1 (continued)
Table 3-2 (continued) Z Pg. 3-23 of AISC Manual
X

Fy = 50 ksi W-Shapes ¢ . ,
’ Selection by Zy Find (I)IVIO with Lb =16

s s i ] o o Before randf)mly.fllpplng pages in the
Shape Kip-ft | kip-ft | kip-it | kip-ft | kips | kips kips | kips chartsl cons|der |nformat|on in ZX

in? | ASD | LRFD | ASD | LRFD | ASD | LAFD | ft | ft | it | ASD | LRFD
7 7

W30x116 378 943 | 1420 | 575 864 |24.8 | 374 7.74 | 226 | 4930 | 339 | 509 ¢ - q) -

W21x147 | 373 | 931 | 1400 | 675 | 864 [137 | 207 |104 | 363 | 3630 | 318 | 477 tables. M p 1060 k , OM r 643 k 4

W24x131 370 923 | 1390 | 575 864 (163 | 246 | 105 31.9 | 4020 | 296 | 445 —_ ’ —_ ’

W18x158 356 888 | 1340 | 541 814 [105 | 159 968 | 42.8 | 3060 | 319 | 479 Lp_7'38 7 a nd Lr_zo'g

W14x193 355 886 | 1330 | 541 814 530 | 7.93|143 794 | 2400 | 276 | 414

Wi12x210 348 868 | 1310 | 510 767 425 645|116 95.8 | 2140 | 347 520

W30x108 | 346 | 863 | 1300 | 522 | 785 235 | 355 759 | 221 | 4470 | 325 | 487
W27x114 343 | 856 | 1290 | 522 | 785 |21.7 | 328 7.70 | 23.1 | 4080 | 311 467 ¢M =1060f
W21x132 | 333 | 831 | 1250 | 515 | 774 | 132 | 199 | 103 | 342 | 3220 | 283 | 425 P

W24x117 327 | 816 | 1230 | 508 | 764 | 154 | 233 | 104 | 304 | 3540 | 267 | 401
W18x143 322 | 803 | 1210 | 493 | 740 [ 103 | 157 961 | 39.6 | 2750 | 285 | 427
W14x176 320 | 798 | 1200 | 491 738 520 | 7.83|142 | 732 | 2140 | 262 | 378

W30x99 312 778 | 1170 | 470 706 (222 | 334 742 | 21.3 | 3990 | 309 | 463
W12x190 3N 776 | 1170 | 459 690 418 | 633|115 87.3 | 1890 | 305 | 458
W21x122 307 766 | 1150 | 477 717 (129 | 193 | 103 32.7 | 2960 | 260 | 391
werx102 | 305 | 761 | 1140 | 466 | 701 | 204 | 298 | 759 | 223 | 3620 | 279 | 419 | OM, =643
W18x130 290 724 | 1090 | 447 672 (102 | 154 9.54 | 36.6 | 2460 | 259 | 388
W24x104 289 721 | 1080 | 451 677 (143 | 213 | 103 292 | 3100 | 241 362
W14x159 287 716 | 1080 | 444 667 517 | 785|141 66.7 | 1900 | 224 335

w3000 | 283 | 706 | 1060 | 428 | 643 |206 |308 | 738 200 | 3610 | 29 | 3 ' ’ '
TW24x103 | 280 | 699 | 1050 | 428 | 643 | 182 | 27.4 | 703 ] 219 ] 3000 | 270 | 404 | 7.38 16 20.9
W2ix111 | 279 | 696 | 1050 | 435 | 654 |124 | 189 |102 | 312 | 2670 | 287 | 355
WeTxe4 | 278 | 694 | 1040 | 424 | 638 | 191 | 285 | 749 | 216 | 3270 | 264 | 395 5

w170 | 275 | 688 | 1030 | 410 | 617 | 411| 615|114 | 785 | 1650 | 269 | 403 — ~
Wigx119 | 262 | 654 | 953 | 403 | 605 | 101 | 152 | 950 | 343 | 2100 | 249 | 373 oM, = 643 + ﬁ(420) ~ 780
Widx145 | 260 | 649 | 975 | 405 | 609 | 543| 769|141 | 617 | 1710 | 201 | 302

W2axo4 | 254 | 634 | 953 | 388 | 583 | 173 | 260 | 699 | 212 | 2700 | 250 | 375

W21x101 | 253 | 631 949 | 396 | 596 | 11.8 | 17.7 | 102 | 301 | 2420 | 214 | 321 Find Chart Wlth ¢M0:780 and Lb=16l

w27x84 244 | 609 915 | 372 | 559 | 17.6 | 264 7.31| 208 | 2850 | 246 | 368
Wi12x152 | 243 | 606 911 [365 | 549 4081 6101113 | 706 | 1430 |'238 | 358

43

1 (continued)

Design Example

z . R\ A
€| 50 | s \\" — ji‘ iR \\\ : 3 \ Page 3-118:
: Voo \ LRI L, = 16
% 560 | 840 ! \;, \ % \‘\‘ (1)'\/|O =795k’
E § RS | ‘rl t ."‘ié
;Ef Lo %’; LY REAL Considering Moment Gradient:
E 550 | 825 77‘4_) v 5 :
: 2\ ~f~\\ \ ‘ OM, = 1.67x 795 k'
il [faansn nnnnmns= anns i anansnsy 0OM, = 1328k’ >1060K’ = oM,
2 i \ L} \ k
£ | = ! = > !
. \\\ oM, = 1060k’ = 6M,, >1000 k
E \ 1 OK

520 | 0 How much does self-weight add?

2| 1.2(901bs/ft)(32)?
50 | 765 8000 = 14k’
‘ ' ‘ 1| | No Problem — use W30x90
500 | 750 [Wed I WL i X( - .
1 HINECER R L i (check shear and LL deflections)
6 8 10 16 18 20 22

12 14
Unbraced Length (0.5-ft increments) a4
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Table 3-2 (continued) Pg 3-23 of AISC Manual
F, = 50 ksi W-Shapes Zx There are other approaches that can
Selection by Zy also be used to evaluate LTB — some
of which may be much quicker.
z Mox! 2| ooMpx | Mex/ 2| 4oMrx | BF/Qp| 0BF L, L L Voad Q| oubx .
Shape * [kip-ft | kip-ft | kip-ft | kip-ft | kips | kips " | ™ [kips | kips Since L, = 16'<20.9' =L, we can
in3 | ASD | LRFD | ASD | LRFD | ASD | LRFD | ft ft in® | ASD | LRFD b . . 4
e [ [oe e e et e e | e [ume a9 | conservatively check if C,0M>M,. If
e S its, clearly C,OM,>M,,
W14x193 355 886 | 1330 | 541 814 530 | 7.93|143 79.4 | 2400 | 276 | 414
W12x210 | 348 | 868 | 1310 | 510 | 767 | 4.25| 6.45 (116 | 958 | 2140 | 347 | 520 For our pr‘oblem:
Weriie | ot | 8 | 120 | 2 | a6 fotg |oos | 770| 201 4o | st | 4 | C,OM,= 1.67 x 643
wondtr | w27 | o | 120 | 508 | 1 |1os | 205 104 | 04 |50 |7 | 01 | C.HM.= 1074k’>1060 k' = OM
WiBx143 | 322 | 808 | 1210 | 493 | 740 |10.3 | 157 | 961 396 | 2750 | 285 | 427 bq) r- > - q) p*
W14x176 320 798 | 1200 | 491 738 520 | 7.83|142 732 | 2140 | 252 378 —_ —_ 1 r_
W30x99 312 778 | 1170 | 470 706 | 222 |334 742 | 21.3 | 3990 | 309 | 463 q)Mn - q)Mp B 1060k > 1000k B Mu.
W12x190 311 776 | 1170 | 459 690 418 | 633|115 87.3 | 1890 | 305 | 458 .
Wertz | 205 | 701 | 1140 | | 01 |01 |08 | 759 | 200 | oo | 279 | 1o OK —W30x90 will work
W18x130 290 724 | 1090 | 447 672 | 102 | 154 954 | 36.6 | 2460 | 259 | 388
W24x104 289 721 | 1080 | 451 677 | 143 | 213 | 103 29.2 | 3100 | 241 362 |,
W14x159 287 716 | 1080 | 444 667 517 | 7.85|141 66.7 | 1900 | 224 335 ¢Mp= 1060
W30x90" 283 706 | 1060 | 428 ﬂ 20.6 | 30.8 7.& 20.9 | 3610 | 249 | 374 L
W24x103 280 699 | 1050 | 428 643 | 182 | 274 703 [ 21.9 [ 3000 [ 270 | 404
W21x111 279 696 | 1050 | 435 654 | 124 | 189 |102 31.2 | 2670 | 287 355
W27x94 278 | 694 | 1040 | 424 | 638 [ 190 | 285 749 | 216 | 3270 | 264 | 395
W12x170 275 686 | 1030 | 410 617 411 615|114 78.5 | 1650 | 269 | 403
W18x119 262 654 983 | 403 606 | 101 | 15.2 950 | 343 | 2190 | 249 | 373
W14x145 | 260 | 649 975 | 405 | 609 | 513 | 7.69 | 141 61.7 | 1710 | 201 | 302 ¢Mr=643
W24x94 254 634 953 | 388 583 | 17.3 | 26.0 6.99 | 21.2 | 2700 | 250 | 375
W21x101 253 | 631 949 | 396 | 59 [11.8 | 17.7 | 102 | 30.1 | 2420 | 214 | 321
W27x84 244 609 915 | 372 559 | 176 | 264 7.31| 208 | 2850 | 246 | 368
W12x152 243 606 911 | 365 549 4061 6101113 706 | 1430 1238 | 358
45
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).
2. Lateral-Torsional Buckling
(a) When Ly, < Ly, the limit state of lateral-torsional buckling does not apply.
(b) When L, < Lp < L,
L,—-L
M, =Cy| My~ (M, —07F,S,) TP M, (F2-2)
: L-L,
Since L, = 16" < 20.9' =L, (in the interest of time, we are “cheating” and
using the values directly from the Z, tables).
. —_ 7 —_ 17 —_ 1 —_ 7
From Z, Tables: $M,=1060 k', oM,=643 k', L,=7.38', and L,=20.9
46
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Other Solutions to Design Example 1

Specification Equations (applying ¢-factor throughout):

Try the W30x90: 0M_=1060 k', 0M,=643 K,
L,=7.38, and L=20.9’

(Lb — Lp)

oM, = Cp [¢Mp - (¢Mp - ¢Mr) (L iy )
r—Lp

(16 — 7.38)
(20.9 — 7.38)

] < pM,
oM, = 1.67 [1060 — (1060 — 643) = 1326 k' > 1060k’ = pM,

Therefore: ¢M, = 1060 k' = ¢M,>1000 k' =M,

As before, the W30x90 works.

47

Survey Question

For a beam bent about the strong axis (X-axis),
the unbraced length of a beam (L) cannot
exceed L, in order to reach the plastic moment

capacity (M, =Z,F):

A) True
B) False

48
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Beams Braced on One Flange With
Reverse Curvature Bending

The C, 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.

49

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

Ly
X Brace
MCL
/—R

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 C, with L,

Mg,= End moment that causes
largest compressive stress in
bottom flange

M¢,= Other End Moment

2(M 8 M,
C, = 3.0 __<£) __%
3\Mg, 3 (Mgy + Mg,)

*Take M¢,=0 in this term if M, is positive

M = Midspan Moment

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

50
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Moment Gradient Factors with Top
Flange Continuously Braced

Lateral Brace x

C, Equation

FEA:L/d =15

Qo
O

9T
8 +

FEA: L/d =30

mﬂ 25 &ﬂ 15 %

Me,/Meg4

-0.5

L1

51

FEEEEEEEEEEE

15" 777

15’

MCL — 60 kl MEZ =250 k’

4 |

Mg, = -400 K’

Moments shown are factored. M, =400 k'’

Design Example 2

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.

52
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Design Example 2 (Continued)

Look in Z, tables to find lightest shape with ¢M, >400 k' =M,
Pg. 3-25

Z MDX"Qn ‘DDMpx er’ﬂb %er BF/Qn %BF L L 1 an/Qv ‘vanx
Shape " | kip-tt | Kip-ft | kip-ft | kip-ft | kips | Kips | © | kips | kips
in3 | ASD | LRFD [ ASD | LRFD | ASD | LRFD | ft | ft | in* | ASD | LRFD
W21x55 | 126 | 314 | 473 | 192 | 289 |10.8 [163 | 611 | 174 | 1140 [156 | 234
W14x74 126 314 473 196 294 5.31 8.05( 876 | 31.0 795 [ 128 192
W18x60 | 123 | 307 | 461 | 189 | 284 | 962|144 | 593 | 182 | 984 [151 | 227
W12x79 19 297 446 187 281 3.78 | 567|108 399 662 | 117 175
W14x68 | 115 | 287 | 431 | 180 | 270 | 519 | 7.81| 869 | 203 | 722 [116 | 174
W10x88 13 282 424 172 259 262 | 394| 929 | 51.2 534 (131 196

W18x55 112 279 ( 420 | 172 | 258 9.15 | 13.8 5.90 | 176 890 | 141 212

L Wa1:50 1190 | 274 | 413 | 165 | 243 1427 1183 | 450 | 136 | o084 [958 | 237
Wi2:72  [108 | 269 | 405 | 170 | 256 | 3.69 | 556|107 | 37.5 | 507 [106 | 159
W21-48' | 107 | 265 | 398 | 162 | 244 | 9.89 | 14.8 | 6.09 | 165 | 959 |144 | 216
Wiexs7 | 105 | 262 | 394 | 161 | 242 | 7.98 | 120 | 5.65| 183 | 758 |141 | 212
Wi4x61 [102 | 254 | 383 | 161 | 242 | 4.93 | 7.48| 8.65| 27.5 | 640 |104 | 156
Wi8x50 | 101 | 252 | 379 | 155 | 233 | B.76 | 132 | 5.83| 169 | 800 |128 | 192
W10x77 | o7.6| 244 | 386 | 150 | 225 | 260 | 3.90| 9.18| 45.3 | 455 112 | 169
Wi2:65 | 968 | 237 | 356 | 154 | 231 | 358 | 539|119 | 351 | 533 | 944 | 142

Try the W21x50 with 6M, = 413 k' > 400 k' = M,
L, =13.6'<15'= L, — Elastic LTB

0M, <248 k' = OM,........ Look for page with $M_~200 k' at L,=15'

53
Design Example 2 (Continued)
0M, <248 k' = OM,........ Look for page with $M_~200 k' at L,=15'
Page 3-128
) e Er TP From Chart:
g | 10 210 =y T 5 b 1
Gl LU LRl Ll oM =208 k
= Wigks | [ e TR ’%; BN X
2w | m ‘ EARA S LRE A
3 CARER T NERERE Rt
s il BRBL SRR RRARERA NS Still Need to
E 132 | 198 \‘ﬁﬁ \ ‘ Q‘_ . evaluate Cb
3 '\\ \ N \é*n i considering top
2| i | e [zes | 3\\ N \ % flange continuously
IRREALN Ak %i Ak ' braced and L, = 15'.
124 | 186 B — \\ \‘A : é\i\% \ﬁ g(if:
T TR
120 | 180 - 2 ‘;‘ e P i | 11“”3&*
2 4 6 8 10 12 14 16 18
Unbraced Length (0.5-ft increments)
54
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Design Example 2 (Continued)

From Chart: ¢M_ =208 k’ 2 ME2> 8 M,

C,=30—2(=F2) -2 "¢t
b 3\Mg;) 3 Mgy + Mgy)*

*Take M,=0 in this term if M, is positive
% o o 2<+250> 8  +60

15 15 Ch=3.0—= i
I b 3\=400) ~ 3(=400 + 0)"

Mg =/6}k'/— Mg, =250 k' C, =3.82

\, CypM, = 3.82(208) = 795 k' > pM,, = 413 k’
M, = pM, = 413k’ > 400 k'

Mg, = -400 K’

OK - Use W21x50
(Check Shear and LL Deflections)

55

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?

Wind Negative Pressure I/Gravity Moment

= Y Y A4 Y Y Y.
AN N N AN

—_
I X — lateral brace I\ /
> \/

Potential Uplift from Wind

If the negative pressure doesn’t cause compression in the bottom flange
there is no beam buckling issue since top flange is continuously braced. 56
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Moment Gradient Factors with Top
Flange Continuously Braced (Uplift)

CASE A: Both end moments are positive or zero

(M, +0.6M,) M1l

MCL A \‘/

C,=2.0-

CASE B: One end moment is negative

M
_ (2M,-2M, +0.165M,) ﬂ

b 0.5M,-M¢, \L/\MO

CASE C: Both end moments are negative

C,=20-Mo+M)l g a5, IM | X
3M 1

cL 0 M wMO

IVICL

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

57

Buckling of Unbraced Cantilevers

Do not use “L, = 2L” for unbraced cantilevers.

L L | P L

cr

cr | v

— —_—/
Maximum Twist
Zero Moment Maximum Twist

Maximum Moment

58
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Buckling of Unbraced Cantilevers

Use L, = L. for unbraced cantilevers (overhanging beams).
LC LC

i v i
\Z N4
PCr PCr
X Brace L. P.

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

2 | A4l

j C,=1.28 d C,=2.04

59

Effect of Fixed End Condition

Assumption when using L, = L. for unbraced cantilevers:

N

X Brace

Ivlwarping

e

Assumed Buckled Shape
(full warping restraint)

60
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Effect of Fixed End Condition

J I X Brace P The results tabulated for
J ) ¢ v P, below were

% determined from BASP —
: { DS Buckling Analysis of
Stiffened Plates

L =20’

Column
Size cr

“0” 2.11 min

W8x24 | 2.18
% W14x211| 3.08

Section A-A Fixed 3.61 max

61

Approximation for Unbraced
Cantilevers

A lA L =20 p !\leglect the wgrplng term
in the calculation of the
Y buckli it
W16x26 uckling capacity

I, =9.59 in® .

7=0.26in Mer = Co g JELGT
T n Column

M., = C,,\ ” ELG] = 475 k Jumn | p

S

1.28 240in. 0 2.11 min
W8x24 | 2.18

P.. = (475k")/240"=1.98k
er = ) e W14x211| 3.08

Note: If warping term is not Fixed 3.61 max
neglected, P = 2.78k

62
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Design Example 3 (Cantilever in
Inelastic Buckling Range)

L =8

Y

M, =(40k)x8’ = 320 k'

P, =40k

Consider the 8’
long cantilever
with a 40 kip
load at tip. Tipis
unbraced. Find
lightest W-shape.

Check the Z, Tables to find lightest W-shape with

OM,>320 K’

63

The W21x44 has
(1)Mp =358 k' >320k’

Check LTB:
L=13">8 =1L,

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?

Design E le 3 (Cantilever i
Inelastic Buckling R )
Page: 3-25
Table 3-2 (continued)
F, = 50 ksi W-Shapes 2 :x
Selection by Z,

7 [Wha/ 2] oM [ M/ ] oM | BF/Coo] g0BF | L R
Shape ¥ |'kip-ft | kip-ft | kip-ft | kip-ft | kips | kips | * i * [Tkips | kips

in® | ASD | LRFD | ASD | LRFD | ASD | LRFD | ft | ft | in* | ASD | LRFD
w2155 | 126 | 314 | 473 | 192 | 289 [ 108 163 | 6.11| 174 | 1140 [156 | 234
Widx74 | 126 | 314 | 473 | 196 | 294 | 531 805| 876| 310 | 795 |128 | 192
Wigx60 | 123 | 307 | 461 | 189 | 284 | 9.62 | 144 | 593| 182 | 984 |151 | 227
Wi2x79 | 119 | 297 | 446 | 187 | 281 | 378 | 567 (108 | 39.9 | 662 |17 | 175
Wi4x68 | 115 | 287 | 431 | 180 | 270 | 519 7.81| 869 | 203 | 722 |116 | 174
Wi0x88 | 113 | 282 | 424 | 172 | 250 | 262 | 394 | 9.29| 512 | 534 [131 | 19
Wi8<55 | 112 | 279 | 420 | 172 | 258 | 945|138 | 5.00 | 176 | 800 |141 | 212
W21<50 | 110 | 274 | 413 | 165 | 248 |121 183 | 450 | 136 | 984 |158 | 237
Wi2<72 | 108 | 269 | 405 | 170 | 256 | 369 | 556 (107 | 375 | 597 |106 | 159
W21x48' | 107 | 265 | 308 | 162 | 244 | 989|148 | 6.09| 165 | 950 |144 | 216
Wi6x57 | 105 | 262 | 304 | 161 | 242 | 7.98 | 120 | 565| 183 | 758 |141 | 212
Widx61 | 102 | 254 | 383 | 161 | 242 | 493 | 7.48| 865| 275 | 640 |104 | 156
Wigx50 | 101 | 252 | 379 | 155 | 233 | 876|132 | 583 | 169 | 800 [128 | 192
Wi0x77 | 976 | 244 | 366 | 150 | 225 | 260 | 390 | 9.18| 453 | 455 |112 | 169
Wi2x65' | 968 | 237 | 356 | 154 | 231 | 358 | 539|119 | 351 | 533 | 944 | 142
W21x44 | 954 | 238 | 358 | 143 | 214 | 111 | 16.8 | 4.45| 130 | 843 |145 | 217
Wi6x50 | 920 | 230 | 345 | 141 | 213 | 7.60 | 11.4 | 562 | 172 | 659 |124 | 186
Wigx46 | 90.7 | 226 | 340 | 138 | 207 | 9.63 | 146 | 4.56 | 13.7 | 712 (130 | 195
Wi4x<53 | 87.1 | 217 | 327 | 138 | 204 | 522 793 | 678 | 223 | 541 [103 | 154

64
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Design Example 3 (Cantilever in
Inelastic Buckling Range)

We need to find M___, (neglecting warping)

r-nw

A
Mp- 2
- My =2 |E6+ (") 1c

M, = 0.7F,S,{- -~ | erw =1 [ELG +( L) BG
1
1 1
! Iv'r—nw ! T
: : Mer nw =L_ EIyG]
1 | b

0 t : >
0 L, L, Ly

Since the buckling curve in the inelastic range is a straight line, we
just need to figure out M, from the elastic equation, neglecting
warping. This can be found by using the M equation above and
justinserting L, = L.

cr nw
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Design Example 3 (Cantilever in
Inelastic Buckling Range)

W21 x44:1,=20.7in% J=0.77 in%, L = 13', L, = 4.45",0M =358 k'

s
O My pay = 0.9~ ELG)
T

T
13x12

& My pyy = 0.9 ( )\/29000x20.7x11200x0.77 = 1304 k" = 109 k'

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

Ly —Ly)
PMy = C, [¢Mp — (pM, — M, ) - ] < oM,
( r Lp)
M, = 1.28|358 — (358 — 109) (8-445) | _ 326 k' > 320 k'OK
M = 1. (13 —4.45)| —
Lower Bound C, from Timoshenko.
Check LL Deflections and Shear OK—Use W21 x 44 o
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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):

Simple Supports: 90'~100’ Continuous: 115'~130’

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

67

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/t, =57.5.

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

F, =36 ksi F, =50 Kksi Rolled Shapes
E 640
1. =376 |— = — 106.7 90.5 L
” 5 JE A=—<575
tW
E 970
A, =570 |—=2— | 1617 | 137
N

68
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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:

I, = Z(IO + Ad?)

L= 2|(=a29am3 ) + azind) (22 2 + L 05)36)3
. T4 \12 I3 2

L, = 2[(1in*) + (4107in*)] + 1944in* = 10160in*
37 web Flange Web
36" x 0.5" For this numerical example, the flange Ad?
v term contributes about 80% of the total
i moment of inertia and the web contributes

12" x 1" FlangeS the other 20%.

69

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.

L —1 If we wanted to be able to reach the plastic
bending capacity, M, from an efficiency
perspective we would do better to have a web
slenderness closer to A,,.

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 (A2A,) resulting
in a moment capacity that may be below M.

70
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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
L —1 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, M.,

——

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

71

Preliminary Sizing of Built-Up Sections

. InAISC: Nominal Shear Strength =V, = 0.6F A,C, Eqn. G2-1,
_ wTw Ter Pg. 16.1-67
C, =—
Ty
g t, Elastic Shear Buckling: (h/t,, >74 for unstiffened web and Gr. 50)
o = Ver _ m’Ek, v = Poisson’s Ratio = 0.3
cr A 2
4 w120 -v2) (hy )
1, = 0.6F,
2
C. = Ter _ n“Ek, _ 1.51Ek, Eqn. G2-5,
v 2 2
T _ h ) (h ) Pg. 16.1-68
y 2
12(1-v2) (/) (068) (M ) F
72
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Preliminary Sizing of Built-Up Sections

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

Elastic Shear Buckling Resistance (unstiffened web):

1.51Ek,
V, < ¢V, = 0.9x0.6F,A,,C, = 0.54F, (dt,,) (—)

h/ 2 E
t y
A,=dt, W)
T d=h 3
118,200(¢t
d t, h k,=5 v, < <%)
E=29000 ksi

1

SV R What should
tw 2 = we use for h?
49.1 :

73

Preliminary Sizing of Built-Up Sections

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

Girder Depth (d = h):
We can start with maximum span to depth ratios (L/d):

b Simply — Supported: L/d < 25
Continuous Girder: L/d <30 -35

i

\\ Copyright © 2017
./ American Institute of Steel Construction

Flange Width, by

Rolled beam shapes often have b; = 0.33d

Fr—%\«

In many cases a more practical value is
probably b, = 0.25d

74
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ASD LRFD
Aw:dtw _QM 3/7 _M 3/7
i — 7.6[ T/F] 7.6[ T/F]
hepp = ———— eff = 7? .
@)/ )77
d i 1. 1/3 1/ 1/3
- QV,) /3(hesy) - (4) /3(hesr)
w 50.3 w 49.1
The slightly different constants on the web thickness expressions are
I—
i due to a ¢=0.9 for LRFD

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:

Approximate Girder Weight: (Units: wt/ft. - Ibs./ft; M,: k-in, F: ksi)

2 2/
ASD Wt./ft = M,) s LRFD Wt./ft = %

Fy Fy
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.

LRFD Example: =36 k/ft

‘l’llllllllll M_ = 2200 k-ft, V. =126 k

| 70’ | Gr. 50 Steel: F, = 50 ksi
I I
3
ol 0700,
' PF | tw= =0.39"
heff = 1 = 58 in. 49.1
)77

t, = 0.39” is not a realistic thickness. We have to select between
3/8=0.375"and 7/16 = 0.432".

As we change t,, the required h will also change.

76
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Preliminary Sizing of Built-Up Sections

70
. M = 2200 k -ft
60
\ V =126k
50 \
& 40 —_
< 30 Increasing L/d | Decreasing L/d
20
10
heff =58, L/d=15
0 1 1 \ 1 1 1 J
0 20 40 60 80 100 120
h (in)
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LRFD Preliminary Sizing Example
%HHHHH M, = 2200 k-t V, = 126 &

| 70" f F, = 50 ksi
If we pick t,, = 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 ¢0.6F A, and a thinner web requires a deeper web
to maintain A,.,. However, because this is a buckling problem a
thinner web requires a more shallow section :

_(118,200(z,)*\ _ (118,200(0.375")*
B V. B 126 k

) _50" (L/d=17)

Or Try L/d = 25: h = 28" (it’s actually L/d = 30 to get a practical thickness)

126 k)1/3(28M)1/3
W= (1260) 728 7 _ 31 Try 5/16" = 0.3125"
49.1 s
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LRFD Preliminary Sizing Example
Try both girders to get an indication of the difference in
Efficiency (M, = 2200 k-ft = 26400 k-in):

Girder Web h/t Compact? Elast.Shear? ¢V, Aueb

A 3/8"x48" 133 <90.5? No >74? Yes 130k 18in2

B 5/16"x28" 93 <90.5? No >747? Yes 129k 8.8in?
Girder A:
Size the Flanges: (Non-compact girder: A, =90.5<133 <137 =)
M, A, A, lz .

T 9Fh 4 12|4,— 4,

. Rearranged Eqgs.
=9.1in F4-1 and F4-9b
Pgs. 16.1-50,51

Ay

Use 12" x 0.75" flanges - ¢0M, = 2170 k-ft = 2200 k-ft.
Compact Flange (Close enough for this example)

Total Area =36 in? - Section weighs 123 |bs/ft

79

LRFD Preliminary Sizing Example

Girder Web Flange Total Area  Lbs/ft I:(in“)
A 3/8"x48" 12" x0.75" 36in2 123 14150

B 5/16"x28" 18"x1.062"  47in? 160 8650

* 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 (L, 5, g << L gir a)-

* Although Section B has more steel — how does it compare to a
rolled section? From Z-tables, a W30x173 has oM, =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.

80
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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 C, 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.

Individual Webinar Registrants
CEU/PDH Certificates

Within 2 business days...

* You will receive an email on how to report attendance from:
registration@aisc.org.

¢ Be on the lookout: Check your spam filter! Check your junk
folder!

¢ Completely fill out online form. Don’t forget to check the boxes
next to each attendee’s name!
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Individual Webinar Registrants

CEU/PDH Certificates

Within 2 business days...

New reporting site (URL will be provided in the forthcoming
email).

Username: Same as AISC website username.

Password: Same as AISC website password.

8-Session Registrants

CEU/PDH Certificates

One certificate will be issued at the conclusion of
all 8 sessions.

{1
Ny
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8-Session Registrants

Access to the quiz: Information for accessing the quiz will be emailed to you by
Wednesday. It will contain a link to access the quiz. EMAIL COMES FROM
NIGHTSCHOOL@AISC.ORG

Quiz and Attendance records: Posted Tuesday mornings.
www.aisc.org/nightschool - click on Current Course Details.

Reasons for quiz:

*EEU — must take all quizzes and final to receive EEU

*CEUs/PDHS — If you watch a recorded session you must take quiz for CEUs/PDHs.

*REINFORCEMENT — Reinforce what you learned tonight. Get more out of the
course.

NOTE: If you attend the live presentation, you do not have to take the quizzes to
receive CEUs/PDHs.

8-Session Registrants

Access to the recording: Information for accessing the recording will
be emailed to you by this Wednesday. The recording will be available for
three weeks. For 8-session registrants only. EMAIL COMES FROM
NIGHTSCHOOL@AISC.ORG.

CEUs/PDHS - If you watch a recorded session you must take AND
PASS the quiz for CEUs/PDHs.
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Night School Resources for 8-session
package Registrants

Find all your handouts, quizzes and quiz scores,
recording access, and attendance information all in
one place!

Night School Resources for 8-session
package Registrants

Go to www.aisc.org and sign in.

PUBLICATIONS NASCC: THE STEEL SAFETY STEEL SOLUTIONS AWARDS AND

Login

USERNAME DON'T HAVE AN ACCOUNT?

PASSWORD

Design Guides you have
REGISTER NOW
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Night School Resources for 8-session

package Registrants

Go to www.aisc.org and sign in.

IN THIS SECTION MyA|SC
Edit Profile

MY PROFILE
My Dow

2 Update your contact and address information.
My Pending Quizzes
> g EDIT PROFILE
ents

MY PURCHASED DOWNLOADS

Access articles and documents that you have purchased

VIEW DOWNLOADS

MY COURSE RESOURCES

View online resources for Night Schaol a§d Live Webinar package registrations.

VIEW RESOURCES

Night School Resources for 8-session

package Registrants

EDUCATION PUBLICATIONS NASCC: THE STEEL STEEL SOLUTIONS AWARDS AND
CONFERENCE CENTER COMPETITIONS

AISC > MYAISC > COURSE RESOURCES

Course Resources

TECHNICAL
RESOURCES

Event Start Date

NS 13 8-Session Package-Night School 13 - Design of Industrial Buildings 1/30/2017 7:00:00 PM

6/5/2017 7:00:00 PM

INS 14 8-Session Package-Night School 14 - of Stability
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Night School Resources for 8-session

package Registrants

Night School 13: Design of Industrial Buildings

8-SESSION PACKAGE RESOURCES

Night School Resources for 8-session

package Registrants

* Weekly “quiz and recording” email.

* Weekly updates of the master Quiz and Attendance
record found at www.aisc.org/nightschool. Scroll down
to Quiz and Attendance records.

o Updated on Tuesday mornings.
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Night School Resources for 8-session

package Registrants

* Webinar connection information:

o Found in your registration
confirmation/receipt.
o Reminder email sent out Monday mornings.
Link to handouts also found here.
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Thank You

Please give us your feedback!
Survey at conclusion of webinar.
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