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We will begin shortly. Please standby.

o¥v

Modern Methods for Learning the Basics of
Structural Stability: From Behavior to Practice
Session 1: Behavior of Compression Members — The Fundamentals
October 6, 2020

o)

GATR | Smarter.
5@ : Stronger.
awze” : Steel.

et

AISC Live Webinars

Today’s live webinar will begin shortly. Please stand by.

Today’s audio will be broadcast through the internet. Please be sure to turn up
the volume on your speakers.

Please type any questions or comments through the chat feature in the left
portion of your screen.

Copyright © 2020
American Institute of Steel Construction




AISC Night School 24 Session 1: Behavior of Compression Members —
October 6, 2020 The Fundamentals

AISC Live Webinars
AlA Credit

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

Course Description

Behavior of Compression Members — The Fundamentals
October 6, 2020

This session will begin with a brief overview of the 8-lecture course, and its unique
format. The behavior of compression members will then be covered. The assumptions in
the solution to the Euler column problem will be used as a basis for systematically
moving from the theoretical solution presented in 1757 to the modern day methods of
design and analysis of compression members. Emphasis will be placed on the effects of
material yielding accentuated by the presence of residual stresses, initial imperfections,
and end conditions. The flexural buckling strength of members without slender elements
will be covered and ultimately presented in the form of column curves. The speakers will
conclude by introducing the first learning module.

i "’”"'o,% i Smarter.
i F) : Stronger.
Zmaw : Steel.

AISC Live Webinars

Learning Objectives

e List the assumptions in the Euler column solution.
e Describe how bending is produced on a column.

e Describe the aspects that are taken into account to define a column’s
strength in the AISC Specification’s column curve.

e Explain how column end restraint affects the behavior of a column.

é““”"'q% i Smarter.
i F) : Stronger.

e | Steel.
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Modern Methods for Learning The Basics of
Structural Stability: From Behavior to Practice

Session 1: Behavior of Compression Members — The Fundamentals
October 6, 2019

Ronald D. Ziemian, PE, PhD
Professor
Bucknell University

Craig Quadrato, PE, PhD
Senior Associate
- Wiss, Janney, Elstner Associates, Inc.

AATIS) | Smarter.
k/gg\' i@? i Stronger.

Mgy 02 == | Steel.

Modern Methods for Learning The Basics of
Structural Stability: From Behavior to Practice

Course Introduction

Compression Members
Flexural Members
Beam-Columns

Systems

AATIS) | Smarter.
k/gg\' i@? i Stronger.

Mgy 02 == | Steel.
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Course Overview
* Topics
— Compression Members (Weeks@h 2)
— Flexural Members (Weeks 3 & 4)
— Beam-Columns (Weeks 5 & 6)
— Systems (Weeks 7 & 8)

* “Active” learning! Weekly virtual lab
experiences...

e Case studies from the real world...

Course Overview (2)

LY w l —— -' ; i = ‘I::':-'-i" |
I e.qﬁﬁ ﬂ. e L «;'..03:;
- Strength/ "™y Stiffness/ w™4 Competitive g' Q
Weight Weigh; 4 —$n o RS 45

Slender Systems, Members, and Cross-sections

> 4

Design for Stability!
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Course Overview (3)

* Focus of the course is on fundamentals!

* Better understanding of behavior will result in
improved design

* Key Definitions

— Stability: Under load, component returns to current state
after applying a small disturbance such as a deflection

— Bifurcation (critical load): Theoretical point at which
loading a component results in an instantaneous change
from current state to significant deflection — two options:
not buckled or buckled

— Instability: Loading a component results in a realistic
transition from small deflection to significant deflection —
buckling preceded by deflection

Course Overview (4)
"Buckling” Design Methods:
Load

Load),,

Bifurcation Theory

stiffness |,

~ Instability
Theory

deflections 1

bending

Deflection
Deflection,

Figure applicable to system, member,
and cross-section behavior
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_ Course Overview (5)
Analysis acronyms:

LBA: linear buckling analysis; elastic critical load analysis;
elastic eigenvalue analysis; assumes bifurcation theory
GNA: geometric nonlinear analysis; 2"%-order elastic
analysis; assumes equilibrium on the deformed shape and
linear elastic material, with no initial imperfections

GNIA: same as GNA, but includes initial imperfections
MNA: material nonlinear analysis; 1°**-order inelastic

analysis; assumes equilibrium on the undeformed shape
and accounts for yielding, with no initial imperfections

GMNIA: geometric and material nonlinear analysis; 2"9-
order inelastic analysis; assumes equilibrium on the
deformed shape, accounts for yielding, and includes initial
imperfections

Modern Methods for Learning The Basics of
Structural Stability: From Behavior to Practice

Course Introduction

Compression Members

Flexural Members
Beam-Columns

Systems

7 : Steel.
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Limit States of Compression Members

* Full yielding (today)
* Instability
—Along the member length
* Flexural buckling (today’s emphasis!)
* Torsional buckling
* Flexural-torsional buckling
— At the cross section
* local buckling

Full Yielding

* Tensile test

O':P/A /\

O, .
ylela wf Perfectly Plastic (E = 0)
Yot
&
—
Ly
E AR IIII|‘|'I"'|l'|l"'|
.IIII\IEI,I"MII I. , ||I ||I Il"|l||||
1 L+A
E=N/L
* Assume same response fOl' compression
- o-y,compression O-y tension Uvield

— Neglect strain hardening (assume elastic-plastic)

10
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Full Yielding (2)
* Column Curve — Take 1
o=FP,/A
Limit State: Full yield

Acceptable?

 What about:
— member instability ??? (today!)

— cross section instability (local buckling) ???

11

ral Buckling

Flexu Torsional Buckling

Flexural-
torsional
Buckling

(centroid = shear center) )

(centroid # shear center) 12
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Flexural Buckling

* Euler’s column
— solution
— assumptions
* Undoing Euler’s assumptions
(approaching reality)
— bending before bifurcation
— not fully elastic (partial yielding)
— support conditions
* Column curves
— AISC
— others

13

Euler Buckling | METHODUS

LINEAS CURVAS

Maximi Minimive proprietate gaudentes,

* Leonhard Euler, 1744 and 1757

* Assumptions!

— prismatic member
(7 = constant)
— small deflections after buckling
— no bending prior to bifurcation
* perfectly straight
* concentrically loaded

— linear elastic behavior
(E = constant)

— pinned-roller supports
(frictionless)

14
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Euler Buckling (3 I
& (P ) Equilibrium on
PR ; v deformed shape:
: | [EBDY M, =0
: : ’ M(x)+Pv(x)=0
Moment-curvature:
v(x)\, d*v(x
Xte—2 M(x) M(x )—EI ( )
Solutlon
dZ
Eld—+Pv 0 = v(x)=C cos(\/:x)+C sm(\/:x)
X
wolframalpha.com
a2*y"(x)+al*y(x)=0

Euler Buckling (5)

P=P

P
v(x=0)=0 = v(x)=C,sinl(, /—Ex)
El
Boundary

Conditions! p
vix=L)=0 = v(x=L)=0= Czsin(\/%L)

1) C,=0 "trivial solution"

Copyright © 2020
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Euler Buckling (6)

Pe

1 9m’El  mEl
n=3 \NA=—7—=
—} L

)

((
)

_A’El _ 7El

(/2]

{(

2,2
El
p=tT= o 133,
E 2
L
Thoughts:

* Bifurcation
8 =0 -> & = unbounded
* 1t mode (n = 1) controls!
* Interest in higher modes?
Think bracing!

17

* Euler Buckling Stress

Euler Buckling (7)

_ mEl A & |
) = 7 E_Z_ > with r = Z
(1/r)
* Column Curve — Take 2 ,
o=P /A ,
Full yield \
o, L
T’E
Acceptable?
L/r

18

Copyright © 2020
American Institute of Steel Construction

12



AISC Night School 24

Session 1: Behavior of Compression Members —
October 6, 2020

The Fundamentals

n

I¥s
MASTANZ
timel

B o g

L/r
W14x145 (E=29,000, F, =50, A=42.7, Mminor=3-98)

50 199

150 597

NS24 L1 Example_1.mat

W14x145
E=29,000, F, = 50
A=42.7, P, = 2135
rminor=3'98

L=199, L/r=50

L=597, L/r=150

20
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Deflected Shape: Elastic Critical Load, Mode # 1, Applied Load Ratio = 0.54369

L% i

P_, = 0.544 x 1000
P, = 544

L=597, L/r=150

21

NS24 L1 Example 1.mat

*** Deflected Shape: 2" Order Elastic, Incr # 54, Applied Load Ratio = 0.54 ***

[ 1000

NA
P, = 0.54 x 1000
P, = 540

L=597, L/r=150
NS24 L1 Example 1.mat 2

Copyright © 2020

American Institute of Steel Construction
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**** Deflected Shape: 15L.Order Inelastic, Incr # 213, Applied Load Ratio = 2.13 ***

MNA
=2.13 x 1000

L=597. L/r=150
NS24 L1 Example 1.mat 3

n

It's
MASTANZ2

timel
- L/r

=3.98)

W14x145 (E=29,000, F, = 50, A=42.7, r

minor

4890 4930 2130 49.9
150 597 544 540 2130 12.6
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Euler Buckling (7)

* Euler Buckling Stress

’El P m°E / |
P=—7 = 0'E=—E= ~ withr=,/—
[ A (L /,) A

e Column Curve — Take 2

o=P,/A
Full yield \
O, L
4
L/r
Euler Buckling | METHODUS

LINEAS CURVAS

Maximi Minimive proprietate gaudentes,

* Leonhard Euler, 1744 and 1757

* Assumptions

— prismatic member
(7 = constant)

— small deflections after buckling

— no bending prior to bifurcation P<P, P=P,
* perfectly straight
* concentrically loaded
— linear elastic behavior
(E = constant)

— pinned-roller supports
(frictionless) i t

26
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Bending
* Bending can be produced by:
1. Prior to loading, 2. Axial load not concentrically
column is not applied (e, is small, but not zero!)

perfectly straight P

M=e, x P

Reality: Some combination of above exists...

Let’s consider a column with initial Bending (2)
out-of-straightness:

—>V

i TX

. v (x)=0, sinT
/ X

Initial imperfection
at mid-length
e.g. 8, = L/1000

Copyright © 2020

American Institute of Steel Construction
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Column with initial out-of-straightness: Bending (3)

M(x,P)V(X) =v_(x)+v,(x)

Equilibrium - Differential Equation:
M(x,P)+Pv(x)=0

2

dv
El—L+P(v,(x)+v,(x))=0
X
gl Y Py (x)=—Pv_ (x) =P8 sin”X
dx ¢ e )
Column with initial out-of-straightness: Bending (4)
1
* v (x=L/2)=0 v(x)= b v (x)
2 vix=L/2)=9(P) ) P.
w
5(P)=—> X6
' 3 1_ =
PE

30

Copyright © 2020
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Column with initial out-of-straightness: Bending (5)

o

Elastic instability occurs as compressive
force P approaches Euler critical load P¢

Column with initial out-of-straightness: It's
MASTAN2
. timel

P -
T
L/2 P < aP;
50 5max

W14x145 (E=29,000, F, = 50, I,;,,,=677)
L=597 and §,=L/1000 = 0.597 GNIA

32

Copyright © 2020
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GNIA — 2"-order
elastic analysis with
initial imperfections

| Sacond-Orger Elastic Statc Analysis N swus |

B soutontype: W rescwr-comector LN norsizs: | 001 [ Max # otines:
i ‘Anaiyss Type: Pranar Frame {x-4] EOR v [ start ow

NS24 L1 Example 1.mat 33

« Limit elastic bending deflections ~ Bending (7)

p__P
P<aP. = —<a-t = c<oo,
A A

Pa
* Column Curve —Take 3 pi_, ,
o=P,/A
E
(L;":r ) : L
Acceptable?
- Ur

* Consider yielding due to bending plus axial force? 3

4

Copyright © 2020

American Institute of Steel Construction
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U=Pn/A \ ‘P

<

_Al

- L/r

W14x145 (E=29,000, F, = 50, A=42.7, 1 i,0=3.98)

150 597

12.6

35

GNIA — 2"-order
elastic analysis with
initial imperfections

NS24 L1 Example 1.mat 36

Copyright © 2020
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o= Pn/A \ P
Full yield

It's
MASTANZ2
timel

W14x145 (E=29,000, F, = 50, A=42.7, I ,=3.98)

12.6 ~500 ~11.7

37

Euler Buckling | METHODUS

3+ LINEAS CURVAS

‘Maximi Minimive propriette gaudentes,

* Leonhard Euler, 1744 and 1757 r

* Assumptions!

— prismatic member
(7 = constant)

— small deflections after buckling

— no bending prior to bifurcation P<P.  P=P,
* perfectly straight
* concentrically loaded
— linear elastic behavior
(E = constant)

— pinned-roller supports
(frictionless)

opyright © 2020

merican Institute of Steel Construction
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it Review: Pure Bending |nelastic (1a)
_ (major axis)
M,=Za, J
Partial Yielding i
. ) =
M,=Sa, ¥ ;
/ !
EZ0-WBE i ks E I<<(E1)gjastic
N
E I<(E I)elastlc
) M
1
\ BOAL
I -
(El)elastlc g Y 'e )
" Review: Pure Bending |nelastic (1b)
_ (minor axis)
M,=Zo,
Partial Yielding . ¥ % |
> o
M, =So 1 '\ Ezo_‘“’E'
““z _______ y_ _____ / -o'l E I<<(E I)E|arStIC
'\ E I<(E I)elastlc M
-0 A A
g 2)°\0
(El)elasltic +I':,Y e

opyright © 2020
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Small Axial plus Bending

Inelastic (2)

M SOY ! \I_IRE
L P . : +o
________ = ) G
E I<(E I)elastic+cy
M
P M i P
; | —t—=
VA5 e
Y
(El)elastic *0y 'e )

" Moderate Axial plus Bending Inelastic (3)
M;=Zo, e
E:@: ]
= -;*L-E—\-_ﬁ
. EI<<(Eepastic
My=So, e
e " q, M P
Partial Yielding “Oy ;
B \ e
_____ [ S~ E=0le || ) m
B R .
-0y E I<(E I)elastlc Y
HY 2
y
(E I)e[astlc +0 Oy . e o

opyright © 2020
merican Institute of Steel Construction
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Large Axial plus Bending

Inelastic (4)

M 'y

My=Zo,

M,=Sa, E+ M c

-0y
o g .
H 1 . ol i A
‘ E I<<(E I)elastic i \\ v me

(E I)elaslti:: +IOY A ‘A

Large Axial plus Bending

Inelastic (5)

My=Zo, 'Small amount of bending can quickly lead

to a significant amount of yielding in a
‘heavily loaded compression member!!!

The Fundamentals

e

I I SRE WL
“ EI<<(EI)eIastic Y

£
A

+0,

M
+—=

o)
S y

opyright © 2020
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Closer look at that bending...

Inelastic (6)

Equilibrium on deformed shape:

. TX
v V. (x)=8 sin—

lP

v(x)= v (x)

4+ Note: amplification
factor to account for
2Md-order effects

M(x,P)+Pv(x)=0
M(x,P)=—Pv(x)

X

M Pj=—P——5 sinZX
P o
o [
P
1 ,
M(x,P)=——:| —PJ sin—
P a L
s
p

E
1st—

M(x,P) = .. > -M(x,P)**"

; o
P

E

45

Closer look at that bending:

Elastic M-diagram:
M

Inelastic (7)

All is good...as long as all is
elastic, i.e. no yielding!

M(X,P)=_—Pc:‘iasmE
B ® L P| |M(x,P)
p — Tl
E A s y
U2 M(%Jp)= __’;50 But, yielding will occur when
1-— Pl |M(L/2,P
Fe —{+ M2 P / ) =0
A S $
or, an axial load P that satisfies:
Note: relatively simple = P 1 P(so _
equation to compute axial Z + S - O-y
force that produces first yield _ E
(excludes o) P
E

46
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And, once yielding occurs (ouch!): Inelastic (8)

lP

1.Yielded portion loses stiffness, £/ | “3
—_— 2.Increases in deflection, v(x) T U
3.Increases moment, M(x)=P-v(x) T

‘P'*i 4.Resulting in more yielding... s

5.1f equilibrium, apply more P
6.Repeat above steps 1 to 4

7.Apply more P repeating steps 1to 6

4 until instability!
p p Inelastic (9)
Elastic Response
Pl e -
1 B o - -

Inelastic Response

“——Initial yielding

5 5

Notes: - >

4 1. Inelastic instability occurs below the
Euler critical load, i.e. P, <P,

2. The smaller the column slenderness L/r,

the further P, is below P, (L/r \} P, m .

Copyright © 2020
American Institute of Steel Construction
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* Axial plus bending may cause Inelastic (10)
yielding —
P L/r—0, o,=0,
T A L/rT, 0,<0, and 0, <0,
* Column Curve — Take 4 rxg;
o=P,/A \ |
Full yield L
o,
| _ 7E
.
Acceptable?
oo,
L/r

* What about residual stresses?

49

Residual Stresses

* Occurs in structural shapes
— Uneven cooling of hot-rolled shape after rolling
— Welding of plates for fabricated or built-up shapes
— Cold bending during fabrication
* Magnitude and distribution of residual stresses depend
on the cross-sectional shape and dimensions

* Residual stresses are usually independent of F,

* Thermal residual stresses occur in rolled wide flange
shapes because locations with high surface area (e.g.,
flange tips) cool well before locations with smaller
surface area (flange-to-web intersections)

* But, what about the impact of rotary straightening?
And, today’s production via near net sections?

50

Copyright © 2020
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Residual Stresses (2)

Residual Stresses (3)

Because areas with large
surface area cool first and
stiffen, the push-me pull-
me begins...
A v’
T C
v &

-

®

- -
Closer to actual distribution

52
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Residual Stresses (4) ‘WL
H — - Mild Steel
Rolled
— :% Shape

WEx3l

H o

W8 x 6T

]

Widw a2

Partial

?_‘_\E
Yielding s

Nl
EA<<(EA)

elastic

elastic

_____ Ores * Pin/A = 0,

(EA)elastic or'es . Uy - Pn:I/A

54

Copyright © 2020
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Simple expression to model ‘ Residual Stresses (6)

stub column response

(EA),, =EA with E =7E

1=4211-2 | for 05<Z <10

(0] o (0]
y y y

~ 7=1.0 for g50.5

(o)
y

—.8=AL/L 55

Residual Stresses (7)

. Scale

13.0 ksi : -

B //\\\ asnee.lf (ksgo —4.6 ksi ksi

— tension 4 e

+

o ép_td A+5 60 +27

? W6 x 20 ksi

Rotary Straightening J

1. Standard practice at rolling mills § i

2. Sections up to W24x370

3. Reduces residual stresses in the
flange tips

4. Result: Actual residual stress

pattern in as-delivered rolled
sections is quite variable

Copyright © 2020
American Institute of Steel Construction
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« Euler -to- Inelastic Buckling Stress  Residual Stresses (8)

) 2 Et=TE
= nE = o = & Et o o c
- 2 Et 2 T=4—[1——] for 0.5<—<1.0
(L/r) (L/r) oL 9 y
7=1.0 for 2 <05
* Column Curve — Take 5 o,
oa=P,/A ,
Full yield \ :
O,
y 2
— il Et L
5
0s,|  Acceptable? "\ *

L/r
* But wait! What about bending (initial imperfections)?,

c=P /A

n Pn
Full yield \ ‘

It's

MASTAN2
time!

‘ e < L/I"'
W14x145 (E=29,000, F, = 50, A=42.7, r,,;.,=3.98)

2,135 4,930

150 597 2,135 540 s

opyright © 2020
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**** Deflected Shape: 2" Order Inelastic, Incr # 46, Applied Load Ratio = 0.46 ***
P = 1000

GMNIA
P, =0.46 x 1000
P, = 460

o, -1/2000 |

L=597, L/r=150

NS24 L1 Example 1.mat 59
o=P,/A »
eld D‘L’ ‘
O .
o = & Erm L
Etm / 2
It's (L r)
MA$TAN2 4
time!
LT TR L/rl

W14x145 (E=29,000, Fy =50, A=42.7, 1pinor=3. 98)

minor

2,135 4,930 1710 40.0

150 597 2,135 540 460 10.8 «

Copyright © 2020
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Minor Axis Compressive Strength by FEA
(W14x145, A992)

| % Euler P,

Yy \\ / QG-L! ‘
08 _ §,=1/1000 - i
\/ A apd |?o partial L
“ 15, =1/1000 7 Lylelding I l

(o]
and partial \ =
04 1+ . .
yielding \

0.2 —

Compressive Strength Curves

* Key observations from FEA

— Strength reduced for initial imperfection and further
reduced for residual stresses

— All curves approach Euler, but are slightly below

— Partial yielding accentuated by residual stresses impact
minor axis strength more than major axis strength

— Different strength curves for major and minor axis
bending
* Additional thoughts

— Strength curves for W-shapes are function of dimensions,
and thus will vary depending on W-shape

— Other shapes (e.g., HSS, C’s, and built-up shapes) will also
have different compressive strength curves
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Maximum Compressive Strength Curves
for Many Different Column Types

1.0

Q|

05

Initial out-of- straightness:
= 1/1000

= (L/r for
| (15) I3|0) | {4|5] I(GO) (75) i (90) (1015) , (12|0} | A992)

0 05 1.0 15
_ ik T L
Bjorhovde, 1972 A== \/: :

0
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Column Curves for Design

e AISC employs a single curve “fit” to experimental
and analytical data. Other codes use multiple
curves.

* Background to AISC curve:

— Bjorhovde, R. (1972), “Deterministic and Probabilistic
Approaches to the Strength of Steel Columns,” Ph.D.
Dissertation, Lehigh University, Bethlehem, PA.

— Tide, R.H.R. (2001), “A Technical Note: Derivation of
the LRFD Column Design Equations,” Engineering
Journal, AISC, Vol. 38, No. 3, 3rd Quarter, pp. 137-139.

— Ziemian, R.D. (ed.) (2010), Guide to Stability Design
Criteria for Metal Structures, 6th Ed., John Wiley &
Sons, Inc., Hoboken, NJ.
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AISC Column Curve:

Elastic Buckling:
10
8 L E
->4.71 |—
s : r (o)
o - N y
a, Inelastic Buckling: G_=08770,
ost-| Leagq | E
r (o)
¥
i %
o_=0.658" 0
— =4 X {L/r for
(1) (30) (45 (60)  (75) ~(90) (105) | (120) ~Ag9y)
% 05 15

1.0
1 9 L
Az_i\/:r

Bjorhovde, 1972
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Comparison of Compressive Strengths
(W14x145, A992)

14 7
08 - !
Major Axis (FEA)
AISC -~ L
0.6 B
Minor Axis (FEA)/\
0.4 =
02
FEA: 8, = L/1000
and partial yielding
&5 ° 0 20 4ID 60 BID 100 150 140 1flin[1 180 200
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.
Multiple Column Curves:
.
Buckling curve
Buckling [ $235
Cross section Limits about | $275
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Yt al <40 oy . »
c#:; s =40 mm z-z b 2
A
Eurocode 3 =D FEIEE
< o , -z | <
3 ¢ ¥-¥ L
3 | WSW0mm | L a
s O IR
|_® e o 2-2 4 <
1" - o —r— ==, %40 mm rx 1; E
-3
|_n: | :‘_‘; y | y N AR = s
=1 | 4 v-¥ € €
i \«nit —r= = > Ml -z | d a
o 1 - —
R - ( ot fmisked ay s a
a7 1 — =
B ) CEsl O) [
2o = { /;’J L i || cobd formed sy
£ =
08 T
£l 1 14
8 o \\ | ] — + enerally (except as
8wy \\ § | i i a b s
03 s - E b N T =
| — T thack webdy. a > 05t
[H 1 = T i ] i = 30 sy
ard ! b ity <30
| || ' £ . :
o -1 o T
Z o as LT 4 1w 18 20 22 24 6 28 £ a ] ﬁ‘lr_' §§ " @% amy € €
Noo-dumensional slenderness i H §§ w
= I,
i o ol ow ) w
4 —
oy 67

Multiple Column Curves: Eurocode 3
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Euler Buckling | METHODUS

LINEAS CURVAS

Maximi Minimive proprietate gaudentes,

* Leonhard Euler, 1744 and 1757 | ot o

sssssssssssss ¢cERTL

* Assumptions
— prismatic member

(I = constant) k8D
— small deflections after buckling R e

— no bending prior to bifurcation -
* perfectly straight
* concentrically loaded

— linear elastic behavior
(E = constant)

— pinned-roller supports
(frictionless) .

Support Conditions
TABLE C-A-7.1
(a) (b) (c) (d) | (e (f
1 N I I
AL Lty F e | S L ] .
“T“" {?/ 4] I. 4‘?" r? 4] .I_.
| ;] I \ (J
; ; Y. I
.rfl .‘, /
Buckled shape of i I i / [
column is shown by | 1 / : ! !
dashed line | \ / I ]
\ I\_ d ; | ;i
\.\ \ .-: h /
) | t ] f
|
T .'.?-':'IJ'a’r"' Pl i ’;f?"l?:' LI r‘.ng}?
O N

)

Euler Buckling ==

What about the others? )
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Support Conditions (2)

(b

Boundary Conditions:

v(x)

Mx

Pe
"’?“"x= L Equilibrium => Differential Equation:
f;’ M(x=0)=M = Eli+Pv—
Solution:
:\ V(X)=C1COS(\/:X)+C sin(

8 vix=0)=0, v/(x=0)=0, v(x=L)=0

Mx

The Fundamentals

<mmm X =
3
2 2
T El P n°E
P = = 0,=—%= ~ with K=0.70
(0.701) A (ku/r)
Support Conditions (3)
TABLE C-A-7.1
Approximate Values of Effective . :
Length Factor, K Elastic Buckling
@) ® | © [C]) © | [0] Stress:
- 2
o (xt/r)
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Support Conditions (4)

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

fa) [T ] i) o)

Bucklad shapa of
column is shown by
dashad line

Elastic Buckling
Stress:

n’E

(kt/r)’

Theorical K valus - 0.5L 0.7L 1L

Notes on “effective length” KL:
* Find the Euler column?!
* Distance between inflection points (M=0)

73

Overview of Learning Modules

v'Objectives
= Have “fun” focusing on the stability of members
and systems
= Alternative to experimental laboratory
= Hands-on (“active learning”); what if scenarios?
= Software independent

* Consistent format

— Overview = MASTAN2 details

— Learning Objectives * More fun!

— Method = Resources:

— Hints spreadsheets

— Questions tutorial videos (~140 min)

74
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= D3YouTube

| 2 AL e e

MASTANZ - Learning Module 1
12,709 + Mot 28, 2012

MASTANZ2
8+ line elements

(yes!)

All Learning Modules

are based on very
simplistic and accurate
computer models

ADINA
3000+ shell elements
(no!)
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Available Learning Modules

1. Elastic Column Buckling and the Effect of End
Restraint (Now!)

2. Factors Influencing the Flexural Buckling Strength
of Compression Members (Your virtual laboratory

assignment!)
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-6) Effects

Strength of Beam-Columns

Design by the Direct Analysis Method

© 0N

77

P =1k, L = 480in, E = 29,000ksi, / = 881in*

It's
MASTANZ2
time! |

R < o

| Compute 10 modes
using elastic critical
load analysis (LBA)

| [ |

v ——

|| Elastic Critical Load Analysis ||m l # of Modes Calculated = 10 ----> Success: Analysis Complete

NS24_L1_Example_2.mat

e e Cfe roveoes ] o TR o J cove J)
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File Conditions Ar=! o Resurs

View Geometry Properties

Deflected Shape: Elastic Criticg®™ead, Mode # 1, Applied Load Ratio = 273.6101

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

"y »l il L] [
! i
Buckiud seope o
o s by
.......
| 1 IR | 1 I an | cr [Ad Status: | Success: Deflection shown
Tracestcal K vanm os ur i T 20 L
I' DefiLine Type || Sobd J]  Scale s —of pis 10| Asimae j 1 j| Apply Cancel | |
79
File View Geometry Properties Conditions
Deflected Shape: Elastic Critic
y
TABLE C-A-7.1
Approximate Values of Effective
Length Factor, K
"y 9| il L] I
! |
Buckiud seope o
o s by
.......
! 1 ! 1 I an | cr [Ad i Success: Deflection shown
Thaamical W s T oz | " T 1] I 20
|' Defiline Type || Soid ] Scale | 75 ot 10 [ Animate j 2 j| Apply Cancel | |
B0
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Results

# 3, Applied Load Ratio = 1094 .4739

File View Geametry Properties Caonditions

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

" ] i [ o

.......

| "; I .I: .. = Al | C:([ﬂj] Status: | Success: Daflection shown
|’au1|une'rype Soid | 75 Folpis | 1o || NAnimate j 3 j| ApEy Cancal "
File View Ceometry Properties Conditions ok Resumns
ode # 4, Applied Load Ratio = 1094.4739
P, =10945
k=" KL _10
L\P,
TABLE C-A-7.1
Approximate Values of Effective
Length iiiﬂi K
"y »l il 1 [
ke e
| — '._ | ! 1 Status: | Success: Deflection shown
[ DR T S - s Woips |10 | . T L =n "
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File Anak RESUIy

View Ceometry Properties Conditions

Deflected Shape: Elastic Criticag®ead, Mode # 5, Applied Load Ratio = 2239.2487

Mode 5:
P.=22392

T EL o4

A-7.1
Approximate Values of Effective

Waclor, K
[ ]

] ) [
1 |

Defl Line Type [‘QBT.U_’ Scale 75 #ol pis 10

. - " l_,_“ Ca_n:el D .

File Analvsi-

View Ceometry Properties Conditions

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

nesuTs

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

Success: Deflection shown

Tracestesl W

T os T or " T o I - K "
I'-'DeﬂleT\.'m'ISulidT' Sl [ 75 J TOPS | 10 | lAnmea j [ jJ Apgly Cancel
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File View Properties Conditions

Ceometry

Deflected Shape: Elastic Critiq

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

.......

" an 2n

pad, M

Results

de # 7, Applied Load Ratio = 2462 89

Suecess: Deflocton shown

| A | Cr | Adv) Stalus:

Tracestical K vaiim [ ox | ar | 1=
Dell Line Type || Solid Scale 75 #olf pts 0 |  Animais j T j Apply Cancel -
File View Ceometry Properties Conditions REsuns
Deflected Shape: Elastic Criticg
TABLE C-A-7.1
Approximate Values of Effective
Length Factor, K
», ] 1] [ I
| | '
| L |
——— TR I T2 TR R T T 20 L
oo S S [ s [ Fere | o [l © |- Aely carcel |
3 . 86
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File

View  Ceometry  Properties  Conditions

Deflected Shape: Elastic Criticgg®sad, Mode # 9, Applied Load Ratio = 4379.9942

HESUIS

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

Defl Line Type 1"sm.uj Scale [ 75 #olpts w0 B

i ﬁ_er_"_.éﬁl.. ﬁ

87

Support Conditions (5)

TABLE C-A-7.1
Approximate Values of Effective
Length Factor, K 7 :
_ . _ Elastic Buckling
a) {b) iz} [d) {9} (4]
e | b |h A & |1 & L [SErEsS:
L L ] /
] ) 2
’ ] T E
a8 ted sh of U =
c:l?rm l:sz':w' by L] 1 € 2
dashed line i N (KL/r)
______ L 4
' Theomtcal Kvalie | 08 | o1 | 18 | o | 28 | zo

Notes on “effective length” KL:

* Distance between inflection points (M=0)

* Function of degree of column end-restraint

* Degree of column end-restraint can be difficult to
compute accurately in real structures (hmmm...)
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Support Conditions (6)

M2

-“M\—#Q)

Degree of
column
end-restraint...

What's
@i_\NVL KL?

N -

Possible solutions:

» Diff. Eq./Eigenvalue FEA

* Alignment charts (careful!)
* Direct Analysis Method! ,

o=P, /A
Full yield \
- ull yie

Support Conditions (7)

* Degree of column end restraint accounted for
by use of “effective length” KL (i.e., oy 2 o)

e AISC Column Curve — Final Take!

YES!!!

9,

y \

o, =0658%G,

P

m’E L

c_= 0.877’0’e

k/r<a.71E/c, KL
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Euler Buckling | METHODUS
F LI EAS e it S
* Leonhard Euler, 1744 and 1757 | ot e
* Assumptions! ey

— prismatic member
(7 = constant)

-~ — small deflections after buckling

21

Summary — Compression

* Course introduction and stability concepts

* Limit states of compression members with
focus on flexural buckling
* Euler Buckling = Maximum Compressive
Strength Column Curve
* Column curve accounts for:
— full yielding

— bending due to initial imperfection (out-of-
straightness)

— partial yielding accentuated by presence of
residual stresses

— degree of end restraint

92
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Summary — Compression (cont.)

e AISC and other column curves

* Otherideas introduced, including
— moment amplification factor (2"-order effects)
— stiffness reduction t-factor
— Difficulty in computing K-factors...

* Your virtual laboratory assignment...
— Try to recreate examples from this lecture
— Checkout Learning Module 1 (look familiar?)
— Try to complete a portion of Learning Module 2

EE]

Sideways leaning, we
sideways darted; every
ropeyarn tingling like a
wire; the two tall masts
buckling like Indian

Moby Dick
H. Melville
1851

ions?
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Thank You!

Hope you enjoyed this lecture!

structural

STEEL

95

AISC | Questions?
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Single-Session Registrants
CEU / PDH Certificates

¢ 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!

Single-Session Registrants

CEU / PDH Certificates

« Reporting site (URL will be provided in the forthcoming email).
e Username: Same as AISC website username.

e Password: Same as AISC website password.
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8-Session Registrants
CEU / PDH Certificates

One certificate will be issued at the conclusion of the course.

GATR | Smarter.
F) : Stronger.
ame | Steel.

8-Session Registrants
Attendance and PDH Certificates

¢ You have two options to receive credit for a given session.
* Option 1: Watch the live session. Credit for live attendance will be displayed on the
Course Resources table within two days of the session.
* Option 2: Watch the recording and pass the associated quiz.

Videos and Quizzes
e For each session, find access within two business days after the live air date. (An
email will be sent from nightschool@aisc.org.)
e Reasons for quiz:
* EEU—You must take all quizzes and the final exam to receive EEU.
* PDHs —If you watch a recorded session, you must pass quiz for PDHs.
* Reinforce what you learn in the lectures and get more out of the course!

Distribution of Certificates

All certificates will be issued after the course is completed. Only the registrant will

receive a certificate for the course.

GATR | Smarter.
: Stronger.
Zmaw : Steel.
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8-Session Registrants

Course Resources

attendance information in one place!

Find all your handouts, quizzes and quiz scores, recording access, and

8-Session Registrants

Course Resources

Go to www.aisc.org and sign in.

USERMAME

PASSWORD

LOGIN

(n]
REGISTER NOW
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8-Session Registrants

Course Resources

Go to www.aisc.org and sign in.

IN THIS SECTION I‘ﬂyAbf_

MY PROFILE

EDIT PROFILE

rlar Hizt MY PURCHASED DOWNLOADS
MY COURSE RESOURCES

VIEW RESOURCES

8-Session Registrants

Course Resources
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8-Session Registrants

Course Resources

AISC > MYACCOUNT > COURSE RESOURCES > NS24 8-SESSION PACKAGE RESOURCES

Night School 24: Modern Methods for Learning Structural Stability

B-5ESSION PACKAGE RESOURCES

AISC | Thank you.
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