AISC Night School Stability Design of Steel Structures
February 9, 2015 Session 3: Modules for Learning Structural
Stability

C AI\lls?gh’r School

Thank you for joining our live webinar today.

We will begin shortly. Please standby.

Thank you.

Need Help?
Call ReadyTalk Support: 800.843.9166

(ﬁ?gh’r Nelglete]

Today’ s audio will be broadcast through the
internet.

Alternatively, to hear the audio through the
phone, dial (855) 697-4479.

Conference ID: 74412835

There’s always a solution in Steel
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Today’ s live webinar will begin shortly.

Please standby.

As a reminder, all lines have been muted. Please type any
guestions 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
(855) 697-4479

Conference ID: 74412835

There’s always a solution in Steel

C AI\\lls?gh’r 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.

There’s always a solution in Steel
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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 2015

The information presented herein is based on recognized engineering principles
and is for general information only. While it is believed to be accurate, this
information should not be applied to any specific application without
competent professional examination and verification by a licensed professional
engineer. Anyone making use of this information assumes all liability arising
from such use.

There’s always a solution in Steel

C ANIS?gh’r School

Course Description

Modules for Learning Structural Stability
February 9, 2015

With a basic understanding of linear and nonlinear analysis now in
hand, it is time to explore and gain hands-on experience in
understanding factors that are known to impact structural stability.

As an alternative to experimental testing, nonlinear computational
analysis can provide a virtual lab for investigating numerous important
concepts related to the design for stability. An overview of several
learning modules developed for a better understanding of topics such
as elastic and inelastic flexural and lateral-torsional buckling, inelastic
force redistribution, and second-order effects will be presented

There’s always a solution in Steel
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Night School

Learning Objectives

Become familiar with how non-linear computational analysis
can help develop a better understanding of stability concepts.

Gain hands-on experience in understanding factors that are
known to impact structural stability through the use of
structural analysis software.

Become familiar with elastic and inelastic flexural and lateral-
torsional buckling, inelastic force redistribution, and second-
order effects.

Develop a better understanding of elastic and inelastic flexural
and lateral-torsional buckling, inelastic force redistribution, and
second-order effects through design examples and structural
analysis software demonstrations.

5 There’s always a solution in Steel
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Stability Design of Steel Structures .
Applying Modern Methods of
Structural Analysis

Session 3
Modules for Learning
Structural Stability

Ronald D. Ziemian, P.E., Ph.D.

structural

STEEL
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Course Overview

Session Topics
Course Intro. and Modern Analysis (1 & 2)
Resources for Learning Stability by Analysis (3)
Second-Order Analysis (4)
Direct Analysis Method (5)
Low- and Medium-Rise Steel Buildings (6)
Advanced Application of Stability Design (7)
Design by Inelastic Analysis (8)
Lectures by members of the Structural
Stability Research Council (SSRC)

Don White and Ron Ziemian

Great to join AISC in this effort!

AISC Ch. C: P-A, P-3 (DM) °

Impetus: App. 1.1: DM - DMMI
App. 1.2: Inelastic
Design

Limit States Design |Seismic: Pushover Analysis
Other: Progressive
Collapse

Nonlinear Analysis

= \

Available Software:

MASTANZ Education:

Textbook and

Research Learning Modules

% Copyright © 2015
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Challenge of Designing
Steel Structures

Strength/ + Stiffness/ + Competitive
Weight Weight $

Slender Members and Systems

Design for Stability!

o T

IYGinemas0ctobe i3 4]
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Challenge of Designing

Steel Structures

v'Understanding Structural Stability
» General Behavior

P

Va 3 13
I Iy SICAI UUSTIVAUUTIS | §U LU LT 1A U )

* Virtual observations (go to the computer!)

5 . 1 -1 1. 1
O Tt CSerTocUTIrice cure

* Read about it in the book

= “Exact” Solutions
* Differential Equations (limited by assumptions)

v'See the forest for the tress
v'Engage the student - Active Learning

Physical Labs
would be ideal,
but...

Copyright © 2015
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Virtual Laboratory

v'In early 2000...

» Matrix Structural Analysis, McGuire, Gallagher,
and Ziemian, 2" ed., John Wiley & Sons.

» Rewritten to include new chapters on
nonlinear analysis

» Educational software MASTAN2 developed
and bundled with textbook
* MATLAB-based, available on all platforms
* Included suite of nonlinear analysis options

* “Easy to use” GUI quickly led to MASTAN2 taking on
a life independent of the textbook

16

Virtual Laboratory

v'2000-present...

» Elastic nonlinear options become the norm in
commercial analysis software

= Other educational /research analysis software is
developed that includes geometric and material
nonlinear capabilities

= MASTAN2 continues to develop
» Standalone versions available on PC and Mac
 Available at no cost over the web, www.mastan2.com

* Adopted at many universities world-wide for use in
undergraduate and graduate analysis and design courses

%) Copyright © 2015
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Total Sales:
~73,500
Total Income:

2,383 Matlab Version
45,066 PC-version (stand-alone)
6,173 Mac-version (stand-alone)

18

Virtual Laboratory

v'Needs for simulating structural stability problems
= Partial yielding accentuated by residual stresses
= Full cross-section yielding, plastic hinge
= Local buckling, elastic/inelastic
» Flexural buckling, elastic/inelastic
= Torsional buckling, elastic/inelastic
= Lateral-torsional buckling, elastic/inelastic
» Flexural-torsional buckling, elastic/inelastic
= Above buckling strengths reduced by local buckling

» Account for initial imperfections
out-of-plumb, out-of-straightness

= Second-order effects PA, Po
= System instability, elastic/inelastic
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Virtual Laboratory

v'Simulating Structural Stability
= several analytical requirements
v'Possibilities

= Commercial FEA software
ABAQUS, ADINA, ANSYS, PERFORM3D, LARSA4D,...

= Educational FEA software
OpenSees, FE++2012, GT-SABRE, BASP, Arcade,
Dr. Frame, GBTUL, MASTAN?Z, ...

v'Considerations for making the choice
* Price and availability
» Ease of use--- Learning curve!
= Experience

Axial, EA yes yes
Flexural, EI yes yes
% Shear, GA, yes yes
Z St.Venant torsion, GJ yes yes
Warping torsion, EC,, yes ?
Connection, k., yes ?
Second-order including PA, P yes ?
£ Imperfections: system, member yes ?
5 Partial yielding including . approx. ?
Plastic hinge: P, M,, My yes ?
ﬁ 2D /3D Incremental /iterative yes ?
E 2D /3D Critical load (eigenvalue) yes ? 2

| Copyright © 2015
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PENNSTATE
@ College of Engineering

Virtual Laboratory

1. different unbraced length L,?

2. different W-shape is employed?
3. different loading conditions?

4. different support conditions?

5. inelastic effects ex/included?

6. imperfection ex/included?

7. warping ex/included?

22

Overview of Learning Modules

v’ Objectives
= Have “fun” focusing on the stability of members
and systems (sorry, no local buckling; CU-FSM!)
= Alternative to experimental laboratory
= Hands-on (“active learning”); what if scenarios?
= Software independent

v'Consistent format

= Qverview » MASTANZ details

» Learning Objectives = More fun!

= Method = Resources:

» Hints spreadsheets

» Questions tutorial videos (~140 min)
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MASTAN2 - Learning Module 8 - YouTube 23
< = | | | + @ hup:/ /www.youtube.comjwatch?v=pa6nBKD32Lg&feature=relm’. & | (Q~ youtube.com
&2 [T HH MEMedDesign DT Design SuperiorPlus Frame3DD MOVIECLIPS CILAMCE Bucknell™ Daily ltem Weather MASTANZ GPedZ  Bmail »]

Yuu Tube Q Browse = Movies  Upload ronziemian

Edit info Enhancements

MASTANZ2 - Learning Module 8

ronziemian 15videos ~

MASTAN2Z - Learning
Module 2
ronziemian

MASTANZ - Learning
Module 4
o e he i

MASTAN2 - Plotting
response curves

STANZ - Warping
ist;

STAN2 - Sway
ame (out-of-plumb)
miar

IASTANZ - Learning
dule 9

MASTAN2 - Learning
Module 7
T

Strength of Beam-Columns
WWW.mastan2.com

Overview of Learning Modules
v'Students of all ages!
» Undergraduates
» Graduate students
= Professionals
v'Courses of all types
= Steel design / Behavior of metal structures
= Structural stability
= Workshops and AISC Night School!
v'Similar in concept to others
= Prof. K. Martini, U.Va.-Architecture, Arcade
» Prof. G. Miller, UW.-CEE, Dr-Frame

rq‘__
% Copyright © 2015
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MASTAN2
8+ line elements

(yes!)

All Learning Modules
are based on very
simplistic and accurate
computer models

ADINA
3000+ shell elements
(no!)

26

Available Learning Modules

1. Elastic Column Buckling and the Effect of End
Restraint

2. Factors Influencing the Flexural Buckling
Strength of Compression Members

3. Effective Length K-factors for Frame Members

4. Factors Influencing the Strength of Flexural
Members

5. Lateral-Torsional Buckling of Beams with
Moment Gradient

Beam Design by Elastic and Inelastic Analyses
Second-order (P-A and P-68) Effects

Strength of Beam-Columns

Design by the Direct Analysis Method

el B S
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SBie MASTANZ | Stability Fun! >
[<l> (][] (i3] [ + [0 waw.mastan2.com/siabiliy " 5

1] #¥ Google Google Maps My Moodle Garmin Connect AISI We: WWW mastanz Com i Book l\la\:Mwl )

MASTAN2 e

- Stability Funi

The nonlinear analysis capabilities of MASTAN2 provid ats the

opportunity to perform a wide range of investlga' 1avior of
FAQ's structural members and systems. With this “ mning
modules are intended for use in und= \ \)‘,\ < level steel

About

design or structural stability co g engineers are
SERIICIES also encouraged to cop# ‘\S’(,Y —uipleting these

exercises.

Tutorial
\\ wpleted with MASTANZ2, they have been
| = o] that uther nonlinear analysis software could
Stability Fun aiodule is provided as PDF and Microsoft Word files
_wompanying Microsoft Excel spreadsheets. In addition to
Textbook .uns, questions, and suggestions for further study, these files
wwiude links to videos that show MASTAN2 in action. For those employing
MASTAN2, completion of the Tutorial is strongly encouraged before
Download attempting the below modules. Enjoy!

- Specification for Structural Steel Buildings and
10): In several places within the below learning modules
O d Qpr meniary are rererencea.

A d [Click here to download.

1 - Elastic Column Buckling and the Effect of End
Res{raml Usmg a critical load analysis, the elastic flexural buckling
strength of a column with various degrees of end restraint is investigated.

Contact

28

LM1. Elastic Column Buckling
and the Effect of End Restraint

Learning Objectives

=Verify theoretical elastic column
buckling solutions

= Observe impact of end restraint on
capacity and buckled shape

= Confirm the K-factors appearing in
AISC Table C-A-7.1

| Copyright © 2015
American Institute of Steel Construction
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TABLE C-A-7.1
Approximate Values of Effective
Length Factor, K

(a‘) (b) (c) (d) () ()
! 3 L ¢ ¢ # 1 4 1
gt g ) 0 el o | m r
| <ﬂ5 | ag / T
“r / | \\ 4 |
f/ .f I’J \\‘ // ‘I}
“’ | 1 \ I’
Buckled shape of | ! / 4 !
column is shown by i J / : ; /
dashed line ! \ t

Theoretical K value

0.5 0.7 1.0 1.0

2.0 2.0

First big Q: # of elements to model compression member?

Properties Conditions Analysis Results

Compute 10 modes

Elastic Critical Load Analysis Status

# of Modes Calculated = 10 ----> Success: Analysis Complete
Analysis Type:

" Planar Frame ( y) & Max.#nfModes:ﬂ 10 j | " Apply

| Cancel

% Copyright © 2015
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File

View Geometry Properties Conditions Ar=t s Results

Deflected Shape: Elastic Critic vad, Mode # 1, Applied Load Ratio = 273.6101
|

31

TABLE C-A-7.1
Approximate Values of Effective
Length Factor, K

®) ®) © (]
) N
i o

. moon|

Al | Cir | Status: Success: Deflection shown

10 __ Animate j 1 j| Apply Cancel

Theorotical K valua 08 o7 i) 10
Defl Line Type Solid Scale

File

View  Geometry  Properties  Conditions 8- Lis

Results 32

Deflected Shape: Elastic CriticgP®™ad, Mode # 2, Applied Load Ratio = 273.6101

TABLE C-A-7.1
Approximate Values of Effective
Length Factor, K
1a) ) &) @ &)
} bl
i o | mo oo e
Buckied shaps of
olumn is shown by
dasnea e
mr | | e
! l All Al | ci Status: Success: Deflection shown
S TETEIE L. T [ or [}
Defi Line Type |[ Solid Scale E b 10 IR j 2 jl [ Apply Cancel

% Copyright © 2015
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File

View Geometry Properties Conditions A== s Results 33

Deflected Shape: Elastic Criticq , , Applied Load Ratio = 1094.4739

Mode 3:
P_=1094.5

k=% EL_1p
L\P

cr

TABLE C-A-7.1
Approximate Values of Effective
Length Factor K____

®)
)
P

®) © (] e o

1 1
" a'a e

w o | e a4 e

All | Clr | Adv Status: Success: Deflection shown
Theorsical K valua 05 o7 0 0 20 20
EafllieRyne) Sepp— #ofpis 10 || Animate j 3 jl Apply Cancel

File

View Geometry Properties Conditions L L L Results 34

Deflected Shape: Elastic Critica#®™sad, Mode # 4, Applied Load Ratio = 1084.4739

Mode 4:
P_=1094.5

k=Z|E _1 9
L

cr

TABLE C-A-7.1

Approximate Values of Effective
Length
1a) ) (] (6] (O] o
| N I b I
e e G| fle oo

Buckied shaps of

column s shown by
dasnsd Iine

e d B or | =

! Al | Clr | Status: Success: Deflection shown
Theoretcal K velus 0s o7 ) 10 20 20

Defl Line Type @H{e 75 || #oips 10 ||| Animate j P jl ™ Agply [ Cancel

% Copyright © 2015
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File View Geometry Properties Conditions Kesuits

35

Mode 5:
P _=2239.2

k=" | _07
L\ P

-A-7.1
Approximate Values of Effective

Wacmr, K

®) ®) € @ C) n

I
1| wm | v flE D

Define element(s) and parameters

05
Defl Line Type Scale 75 #of pis 10 _m‘ j 5 jl W | Cancel | ‘

Element(s):

File

View Geometry Properties Conditions

Deflected Shape: Elastic Critica ad, Mode # 6, Applied Load Ratio = 2462.89

Analvei~  nesuis
36

TABLE C-A-7.1
Approximate Values of Effective
Length Factor, K
1a) ) (] (6] (O] o
3 bolbod

P
mon| & |7 glE oo

Buckied shaps of
column s shown by
dasnsd Iine

!

Theorstica! K valus 0s 1 10 20 20

.
DefiLine Type [ Soid Scale 75 #olpts 10 | Animaie j 6 j

| | | It
e | o oo | s e
'
7

All | Cir | Adv Status: Success: Deflection shown

Apply Cancel

Copyright © 2015

! American Institute of Steel Construction
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File

View Geometry Properties Conditions o sis Results

Deflected Shape: Elastic Critig@

37

TABLE C-A-7.1
Approximate Values of Effective
Length Factor, K
@) &) fe) Q] ©) n

T

[
B owe |7 flEm g

Status: 8 : Deflect he
s o T e LT e | ow A or [y Siaus uccess: Deflection shown
Defl Line Type Scale 75 #of pts 10  Animate j 7 jl Apply Cancel

File

View Geometry Properties Conditions L L L Results

Deflected Shape: Elastic Critica#®™sad, Mode # 8, Applied Load Ratio = 4379.9942

38

TABLE C-A-7.1
Approximate Values of Effective
Length Factor, K
1a) ) (] (6] (O] o
3 bolbod

P
mon| & |7 glE oo

All [ Cir Status: Success: Deflection shown
e | o5 | o1 | 4 | cr [
Defl Line Type [ Solid Scale 75 ] #ofpts Tl = j 8 jl [ Apply ™ Cancel
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File View Geometry Properties Conditions Anal Kesuits

Deflected Shape: Elastic Criticg#®ead, Mode # 9, Applied Load Ratio = 4379.9942
\

39

TABLE C-A-7.1
Approximate Values of Effective
Angth Factor, K
o) B) {e) ) [E] n
| T T I R A
g s | @1 e T flE g
) e ES
Define element(s) and parameters Element(s): All All | Clr } | !
| moora 05 or w 0 20 20
Defl Line Type Scale 75 #ofpis 10 ||} Animate j 9 .T‘ Apoly | cancel | ‘
File  View Geometry  Properties  Conditions  Analysis  Results 40

Deflected Shape: Elastic Critical Load, Mode # 1, Applied Load Raf

|
Vary beam size w/ More Fun!

Beam __ yBeam
ITop - ]Bottom

=
o

——Critical Buckling
Load

> K-factor °

0.5
M8ment’of Inéttia (fh*) =

Delnedemeni®) ¢ o) - dEIC BE Thanks to Yue Hua
Defl Line Type Scale |~ 75 #0of pts 10 _ Animate j i |3 App anCe

% Copyright © 2015
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File View Geometry Properties Conditions Analysis Re;

Vary beam sizes w/
IBeam + ]Beam

Top Bottom

o

o
400047

3500 -

"""""""""""

Define element(s) and parameters o ess: Deflection shown

o |
o
DeflLine Type | Soid || Soale Igottom - ~ Ipop | core

42

LM2. Factors Influencing the
Flexural Buckling Strength of
Compression Members

Learning Objectives

»Recognize limitations of theoretical
Euler buckling solution

»Prepare column curves (F,. vs. L/r)

= Observe impact of initial imperfections
and residual stresses

= Compare results to AISC column curve

21
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1.0
i
ay
05+
| Initial out-of- straightness:
B 1/1000
0 [ [ SN T RO ! ! L1
0 0.5 1.0 15
1 9 L
A= T Er
FIGURE 3.22 Maximum-strength column curves for a number of different column types
(Bjorhovde, 1972).

LM?2

vW14x53 (A992)
v'L/r,=5t0190
v'For each L/r,, investigate 9 cases:
= Full yield
= Euler
= AISC
» Computational analysis
* Incremental
* no imperfection §, / no G,
 imperfection §, / N0 G,
* no imperfection §, / O,
+ imperfection 9, / G,
* Critical Load (eigenvalue)
+ elastic
* inelastic

44

Py

=
~
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File  View Geometry Properties  Conditions  Analysis  Results

Second-Order Inelastic Analysis Select Apply to perform analysis

Solution Type: Predictor-Corrector B Incr Size: 0.01 Max. # of Incrs: 10000 Max. Appl. Ratio: 100
Analysis Type: Planar Frame (x-y) B Modulus: Etm B Start New 3 Apply Cancel

46
Compr. Strength vs. L/r
60 Y
—= Fy

50 il - Euler

=
a0 % == AISC

] === 10 J, / N0 G,
30 © g

% ——— 60 / NO O

o
56 g =@ N0, / O

.E 80 / Gres
10+ ¢ | _

£ = ECL

= *’P
" ICL

0 50 100 150
L/r (in/in)
Thanks to Dan Tamarkin

% Copyright © 2015
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LM3. Effective Length K-factors

for Frame Members
Learning Objectives

= Elastic/inelastic buckling of frames with
sidesway inhibited /uninhibited

= Back-calculate K-factors from
elastic/inelastic critical load analyses

= Employ alignment charts to obtain
elastic/inelastic K-factors and assess
alignment chart assumptions

= Compare alignment chart and computational
results

File View Geometry  Properties  Conditions

Deflected Shape: Inelastic Critical Load, Mode # 1, Applied Load Ratio = 434.1993

Analysis  Results

48

Horizontal
Restraint
only for Sidesway

Top Beam
Inhibited Cases

Bottom Beam

Inelastic Critical Load Analysis Status: Select Apply to perform an iterative eigenvalue analysis

Analysis Type: | Planar Frame (x-y) B Max. # of Modes: 1 Apply Cancel

% Copyright © 2015
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LM4. Factors Influencing the
Strength of Flexural Members

Learning Objectives

= Recognize limitations of theoretical elastic lateral-
torsional buckling solution

= Prepare beam curves (M, vs. L,).

» Impact that partial yielding/residual stresses and
out-of-straightness on elastic/inelastic LTB strength

= Compare with AISC beam strength curve

Sister to LM2...

50

vW14x53 (A992) I.M4
vL,=12to31.1ft.
v'For each L,, investigate 9 cases: mM

;

= Full yield
» Theoretical elastic LTB
= AISC
= Computational analysis
* Incremental
* no imperfection 6, / no G,
* imperfection §, / no G,
* no imperfection d, / ¢
* imperfection §, / O,
» Elastic critical load (eigenvalue)
* FEA shell elements (ADINA)

res

S

%) Copyright © 2015
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File View Geometry Properties Conditions Analysis Results 51
** Deflected Shape: 2nd-Order Inelastic, Incr # 261, Applied Load Ratio = 2.61
Second-Order Inelastic Analysis Status: Select Apply to perform analysis
Solution Type: || Predictor-Corrector  : | Incr Size: | 0.01 Max. # of Incrs: | 10000 Max. Appl. Ratio: 100
Analysis Type: | Space Frame :1 Modulus: | Etm : 1 Start New B | Cancel
52
M / M —e—Case 1 (full plastic yield)
n
P 1 1| —M—Case 2 (Elastic LTB)
1 1
1.0 M A —ae—Case 3 (AISC)
b =i Case 4 (perfect, no RS)
1
0.9 ! Case 5 (imperfect, no RS)
1
1 —o—Case 6 (perfect, with RS)
1
0.8 . Case 7 (imperfect, with RS)
1
1 -Case 8 (Elastic Critical Load)
1
1
0.7 : Case 9 (ADINA)
1
|
0.6 : T
M 1
1
¢ 1
os H(H !
¢ 1
1
1
0.4 1 h
1 1
1 1
: LP : Lr
0.3 | i ! . L
0 50 ' 100 150 200 250! 300 350 400 b
Unbraced length, in .
Al Thanks to Dan Tamarkin
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LM5. Lateral-Torsional Buckling
of Beams with Moment Gradient

Learning Objectives

= Effect of non-uniform moment distribution on
elastic LTB strength

= Back-calculate C, from critical load analyses

= Compute C, from well-established equations
and compare with computational results

= [nvestigate moment gradient distributions of
linear, bi-linear, and parabolic

= Study impact of adding an interior brace point

53

N LM5

~ Basic §trength x C,

g
)

Nominal Flexural Strength, M,
/
\ /
/

0.7F,Sx

C, = 1.0 (Basic Strength)
0

0 L, Ly
plastic design Lpd
Mp inelastic LTB elastic LTB

Unbraced Length, L,

Fig. C-F1.2. Nominal flexural strength as a function of unbraced length
and moment gradient.

54
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LM5

el (T
. e ==

_ 12.5M 1
2.5M 0+ 3M 4+ AM p+ 3M ¢

Cb

Deflected Shape: Elastic Critical Load, Mode # 1, Applied Load Ratio = 3.6018

> M; =-1000 in-k M, = 3601.8 in-k

M, (uniform)

Deflected Shape: Elastic Critical Load, Mode # 1, Applied Load Ratio = 9.7873
M, =-1000 in-k M, =9787.3 in-k

(nonuniform)
Mcr%
M

M, = -600 in-k

cr

3601.8
C5¢=2.19

% Copyright © 2015
7/ American Institute of Steel Construction

28



AISC Night School Stability Design of Steel Structures

February 9, 2015 Session 3: Modules for Learning Structural
Stability
57
3
[ |
O [
25 0
me**?
2
X, m
L 4
15 -
o
N
1 a "
¢ AISC Eq. F1-1
s M Elastic Critical Load Analysis
0 T T T T 1
-1.5 -1 -0.5 0 0.5 1 1.5
Mo/M; Thanks to Yue Hua
58
—&—CAN/CSA-516-01 R - T - ? 7'@::
. d T
AS4100 2.6 :

——Proposed

4 Numerical L=8 m (Serna et al.)

H Numerical L=16 m (Serna et al.)
Ch A Numerical (Suryoatmono & Ho)
@ Numerical (Nethercot and Trahair)
@ Numerical (Clark and Hill)

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

Wong and Driver, AISC EJ, 2010
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File

View Ceometry Properties Conditions Analysis Results

Time for you to take it for a spin...

W24x68 with L = 24 ft. (288 in.)

M, =-1000 in-k

M-diagram:
M., (uniform) M, = +1000 in-k

2 = 3602 kip-in
T) I,C. =300 kip-ft

nE

59

0

| W24x68 IMZ Case 1: Braces at ends i
g\; Case 2: Braces at ends
and mid-span

M-distribution: I\/Icr (klp'm)

M, (uniform) M1/M2 = 1

(nonuniform) .Mcr M1/M2 = +1
MCI’

Observations:

L =24 ft. (288 in.)

% Copyright © 2015
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Results 61

M-Qjcs..
'jt’ Butioy,. M,/M, = -1

File  View Geometry Properties  Conditions  Analysis

Vij“ Wnifory, M,/M, = +1

Elastic Critical Load Analysis Status: | # of Modes Calculated = 20 ----> Success: Analysis Complete

Analysis Type: m SEace Frame :_ Max. # of Modes: E] 20 [Elii/iApply _"7Cancel

A atysis Results 62
Deflected Shape: Elastic witia g Mode # 1, Applied Load Ratio = 2.2654

File View Geometry Properties Conditions

Warping resistance
/ not included in analysis

£\ = 3602 kipin
7 ) I,C. =300 kip-ft

Define element(s) and parameters || Element(s)] All [All | Cir m Status: I Success: Deflection shown

DeﬂLineTypelSOIEI Scale | 15 J #ofpts | 10 Animate I.liﬂ 1 Emi Apply |I Cancel

% Copyright © 2015
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File  View Geometry  Properties  Conditions

Deflected Shape: Elastic vt

A alysis Results

M~distri bUﬂOn . ;‘)\

63
ode # 2, Applied Load Ratio = 3.6018

T T o2 |
MM, =-1 3 602
M,/M, = +1

Deflected Shape: Elastic s

M-q; AL
d/stribut,'o,., —

Define element(s) and parameters || Element(s)

All

Define element(s) and parameters || Element(s) All All | CIr Status: Success: Deflection shown
Defl Line Type [ Solid I Scale | 15 J #ofpts | 10 Animate i?l 2 Em Apply i Cancel [}
File View GCeometry Properties Conditions A alysis Results 64

g ode # 5, Applied Load Ratio = 9.8385

TS| e |

M/M,=-1 3,602

Mi/M;=+1 "9 838

All | CIr Status: Success: Deflection shown

10

Defl Line Type | Solid I Scale | 15

| #ofpts |

Animate E 5 Em Apply |.I\ Cancel
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File  View Geometry Properties  Conditions A alysis

Deflected Shape: Elastic Oheiag

Define element(s) and parameters || Element(s)| Al

Results

#iode # 7, Applied Load Ratio = 12.1198

] o

12,120

62

M/M,=-1 3,602

M/M,=+1 9,838

["AIl [ Cir [[2 Status: ||  Success: Deflection shown

[ #ofpts |

Defl Line Type |[ Solid J] Scale | 15

10

Animate 7 > Cancel

Apply [

File View GCeometry Properties Conditions A alysis Resul

Deflected Shape: Elastic

Define element(s) and parameters || Element(s)

All

viode # 15, Applied Load Ratio = 27.4144

66

Its

TS ] e |

M/My=-1 3,602 12,120
9838 27414

All | CIr Status: Success: Deflection shown

10

Defl Line Type | Solid I Scale | 15

| #ofpts |

Animate E 15 Em Apply |.I\ Cancel
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M, W24x68 M. Case 1: Braces atends |
g _ Case 2: Braces at ends
L =24 ft. (288 in.) and mid-span
e MM, = -1 3,602¢§>\ 12,120 |[:1¢8
. N M, = +1 9,838 27,414

Observations:
M, increases as L, is reduced

M., increases as moment gradient increases
* An inflection point is not a brace point!

68

LM6. Beam Design by Elastic
and Inelastic Analyses

Learning Objectives
= Compare designs of continuous beams using
elastic and inelastic analyses
= Observe pros and cons of each design method
= Employ AISC’s 9/10™s moment redistribution
allowance

= Investigate force/moment redistribution that
occurs as a result of member yielding.

Stability
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LM6: Elastic vs. Inelastic Design
P

u

| 12'_01’ 6’_0" 12!_0" I 9!_0" I

4 Cases:
1. All members W16x31, P, =?
2. W27x84, W16x31, W18x35, P, =7
3. All members same size, P, = 200k, min. weight?
4. Members sizes may vary, P, = 200k, min. weight?

3 AISC Designs:
Elastic vs. Elastic9/10 vs. Inelastic

File View Geometry Properties Conditions Analysis Results 70

=" Deflected Shape: 1st-Order Inelastic, Incr # 11, Applied Load Ratio = 1.0128 ™~

0.942

Case 2: Inelastic Analysis

P, =101.3 kip Wt = 1.881 kip P,/ Wt =53.84

First-Order Inelastic Analysis Status: Select Apply to perform analysis
Solution Type: || Simple Step B Incr Size: 0.1 Max. # of Incrs: 100 Max. Appl. Ratio: 10
Analysis Type: Planar Frame (x-y) | Start New B Apply Cancel

o
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LM7. Second-order Effects "
(P-A and P-90) Effects

Learning Objectives

= Employ second-order elastic analysis

= Observe the relationship between extent of
moment amplification and P/P,

= Investigate the impact of single or
double(reverse) curvature bending has on
the degree of moment amplification

= Compute and assess the AISC moment
amplification factor B, defined in App. 8

1st-order vs. 2"-order

M,IM, = +0.75, 0.0, -0.75
M, m, PIP,=0,0.1,0.2,...,0.9

W14x48
[
G S

28"0"

Rigorous
P P
n» 1.0kip_y VS.
:ﬁT PIP, = W PIP, = B, B,
«FE ! 0.000, ! 0.000,
SEF 2 0422, 2 0.326,
sl < 0.244, ol ' 0.489,
:J 0.367 3 J 0.652
I S
ml il

36



AISC Night School Stability Design of Steel Structures
February 9, 2015 Session 3: Modules for Learning Structural
Stability

File View Geometry Properties Conditions Analysis Results

" Moment Z: 2nd-Order Elastic, Incr # 10, Applied Load Ratio =1 ™"

73

3414 3753 3910 3876 3853 4

3252

M ™ =—150 k-in
M} =+200 k-in (=M, )

max

C, =0.6—0.4(~150/+200) = 0.9

M™ =200 k-in

max

M =391 k-in

0.9
P/P.=05 BM‘=_—""_-13
1-0.5
2nd __ pAISC g 41st
Mmax - Bl Mmax
2nd _ .
Define element(s) and Elerrzlem(s Mmr;x == 1.8 X 200 _3 60 k-ll’l
G Momentz [TRRRN Scale | 252 [l #ofpts| 1o JOUERN<| 1© |- Appy [ cancel [N
74
12
M, /M,=-0.75
10 4
B1 =—2nd-order elastic =®—AISC B1 //
8

Mlﬁ-s W14x48 .MZ //M, /M,
g = =00
| 28'-0" |

2 M, /M,

=+0.75

Moment Applificaiton, B1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

P/P
Thanks to Dan Tamarkin
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75

P
/_—__——_G_f——"_‘}d—‘-—'_—::

-~ g —4
—

0.8

=

0.6

Ketter, 1961 — |

R
P 0.6—0.4(M, /M,)
04 1=(R/R)
%.M, M, .
ATy
0.2 e M, e
M, L__//<I—\I M,
. | | |
0 1 2 3 4 5
M,
MZ

Analytical Solution

— — — Approximate Solution [Austin (1961)]

LM8. Strength of Beam-Columns

Learning Objectives

= Axial plus major- or minor-axis flexure

= Strength limit state behavior of beam-columns,
including full yielding to elastic/inelastic flexural and
lateral torsional buckling

= Prepare interaction curves (P/P,- M/M,)

= Compare results of the AISC interaction equation and
computational analysis

Mother to LM2 and LM4...

Stability
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7

P LM8 P
¢Mend Mend
AL VW 14x53 (A992), L, = 15 ft.

v'Investigated:

v'Provided range of P-M,4's
that satisfy AISC interaction
eq. H1-1 (student’s to confirm)

v'Determined strength according
to 2"d-order inelastic analysis

S v'Wide range of failure modes =tme
?Mend including: full yielding, -
P elastic/inelastic -LTB, -FTB P

File

P+ M
050 - N
——
e
040 AISC
=il \ASTAN2
0.30 ADINA
0.20 N
0.10 L%
-
L « M/ M,
0.00 . : : |- —
0.00 0.20 0.40 0.60 0.80 1.00

Second-Order Inelastic Analysis Status: Select Apply to perform analysis

Solution Type: ||_Predictor-Corrector Incr Size: | 001 | Max. # of Incrs: ‘ 1000 Max. Appl. Ratio: 10 ‘
Analysis Type: || Space Frame 1| Modulus: |/ Etm  : | | Start New :]l | Apply | | Cancel |
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File View Geometry Properties Conditions Analysis Results

= Deflected Shape: 2nd-Order Inelastic, Incr # 96, Applied Load Ratio = 0.86 ™™

4

79

@=fm A |SC

5= \|ASTAN2

Second-Order Inelastic Analysis Status: Select Apply to perform analysis
Solution Type: ||_Predictor-Corrector Incr Size: | 0.01 Max. # of Incrs: ‘ 1000 Max. Appl. Ratio: |~ 1p ‘
Analysis Type: || Space Frame ]| Modulus: | Etm  : ) | StartNew  :| | | Apply | Cancel |

80

LM9. Design by the
Direct Analysis Method

Learning Objectives
= Apply the Direct Analysis Method.
= 2nd-order analyses to determine P,’s and M,’s

= Utilize notional loads in place of direct
modeling of A, and T,

= Practice with interaction equation

» Use the ratio of 2Md- to 1st-order drifts as an
indicator of a system'’s sensitivity to 2"-order
effects.

% Copyright © 2015
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File View Conditions Analysis Results 81

= Deflected Shape: 2nd-Order Inelastic, Incr # 10, Applied Load Ratio = 1 ***

Q,
W24x76

Ceometry Properties

' Two Parts:

fll 1. With Q, = 100 kips, check design:

: a. DM with explicit modeling of A,

5 and T,

b. DM with equivalent notional

: loads

. Determine maximum Q, that satisfies
: AISC Spec. by employing DM with

i explicit modeling of A, and T,

W12x58 (typ)

20'_0”
Solution Type: ||_Predictor-Corrector + Incr Size: 0.1 Max. # of Incrs: | 100 Max. Appl. Ratio: 1

Analysis Type: || Planar Frame (x-y) : | Modulus: || Et : 1| Start New 7‘| | Apply | | cancel I

File View Ceometry Properties Conditions Analysis Results 82

Frame 1

4P

Frame 2
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File  View Geometry Properties  Conditions  Analysis

0,000

First-Order Elastic Analysis | Status: |

Analysis Type: | Planar Frame (x-y)

Results

Moment Y: 1st-Order Elastic, Incr # 1, Applied Load Ratio = 1

—

83

Frame 1 7'95’?2;’

539.7|
|

Vertical load P
has no impact
on M-diagram

File View Geometry Properties Conditions Analysis

Second-Order Elastic Analysis Status: I

Results

84

Vertical load P
has 44% increase
o on M-values
Il 0.000 (P-A |iVGS!)

Select Apply to perform analysis I

Solution Type: N Predictor-Corrector Incr Size:

Analysis Type:

% Copyright © 2015
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l Planar Frame (x-y) 3 _ Start New

| Max. #of Iners: | 10 . Max. Appl. Ratio: | 1J
:ili\—_Apply |. Cancel
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LM9
Guides student through a design check of a simple
system using the Direct Analysis Method

Member P, (kips) P, (kips) M, (kip-in) ¢,M, (kip-in) | AISCEq.H1-1a/b | OK/NG?
Left Column
Right Column
Beam

Member P, (kips) P, (kips) M, (kip-in) ®,M, (kip-in) | AISCEq.H1-1a/b | OK/NG?
Left Column
Right Column
Beam

86

LM9

v'Also includes making a comparison with 2"d-
order inelastic analysis according to AISC
Appendix 1 provisions.

v'More Fun!

= Requests design check by Effective Length Method
and 15-Order Analysis Method, both appearing in
AISC Appendix 7
(DM: K=1, P, =603k and ELF: K= 2.1, P, = 275k)

v'Very interesting comparisons...

| Copyright © 2015
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Lessons Learned

v'All modules fully tested in my CENG405-
Design of Steel Structures course and now,
many others worldwide...

v'Students (and Practitioners!):

= Learn to read and follow instructions

» Find MS Excel LM spreadsheets key to quickly
prepare comparative tables

» Enjoy the LM Tutorials available on YouTube.com

= Welcome opportunity to employ nonlinear
structural analysis software

» Benefited from the hands-on approach to learning
structural stability

88

Future Modules

v'Your suggestions!

* e-mail me at ziemian@bucknell.edu
v'Yura’s Five Useful Stability Concepts

= leaning column

®» bracing (nearly complete!)

» some already included in LM’s...
v'Stability of slender cross-sections

= CU-FSM

%) Copyright © 2015
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Summary

v'Virtual Laboratory

v'Reviewed 9 Learning Modules related to
structural stability, 3 with MASTAN2

v'Each Module includes:
= Assignment (PDF, MS Word)
= MS Excel Spreadsheet of key tables
= Links to LM tutorials on YouTube.com

v'Encourage you to try some or all...
v'Customizing of LM’s permitted!

89

‘0 .
Questions? |

e
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Up Next...

« Session 4: February 23 —
Second-Order Elastic Analysis — Getting it Right
by D.W. White, PhD

+ Various methods of second-order elastic frame
analysis, ranging from intelligent application of
amplification factors with first-order analysis to three-
dimensional matrix structural analysis models, are
reviewed. Emphasis is on the sufficiency of the
methods for different problems, methods of sanity
checking and ensuring that the analysis is correct, and
various essential concepts important for design
application.

5 There’s always a solution in Steel

92

Individual Webinar Registrants
CEU/PDH Certificates

Within 2 business days...

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

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

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

2) There’s always a solution in Steel
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Individual Webinar Registrants
CEU/PDH Certificates

Within 2 business days...

¢ You will receive an email on how to report attendance from:
registration@aisc.org.
e Be on the lookout: Check your spam filter! Check your junk folder!

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

§) There’s always a solution in Steel

94

Individual Webinar Registrants
CEU/PDH Certificates

Within 2 business days...

e New reporting site (URL will be provided in the forthcoming email).
e Username: Same as AISC website username.
e Password: Same as AISC website password.

) There’s always a solution in Steel
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8-Session Registrants
CEU/PDH Certificates
One certificate will be issued at the conclusion of all 8 sessions.
There’s always a solution in Steel
96

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:

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

e CEUs/PDHS - If you watch a recorded session you must take quiz for
CEUs/PDHs.

e 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.

There’s always a solution in Steel
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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 two 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.

There’s always a solution in Steel

97

Thank You

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