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Introduction

Frame stability and strength
Nonlinear behavior of steel frames
under static and dynamic loads

Fundamentals:

| Second-order
Nonlinear effects: steel's inelasticity
Semi-rigid connections

Nonlinear FE program: CS-ASA (Silva, 2009)
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Methods of Analysis

First-order elastic analysis
O Material: linear-elastic

O Equilibrium: undeformed configuration
{ Forces and deformations: proportional
{ Frame stability: no measure

{ Frame strength: no measure (the most simple method !!)

Second-order elastic analysis
O Material: linear-elastic

O Equilibrium: deformed configuration
{ Forces and deformations: no proportional
{ Frame stability: measure

{ Frame strength: no measure



Advanced Analysis of Steel Frames

Introduction
Ricardo A.M. Silveira

Methods of Analysis

First-order inelastic analysis
{ Material: consider plasticity

{ Equilibrium: undeformed cont

{ Forces and deformations: no

{ Frame stability: no measure

{ Frame strength: measure (the pIasticlIimit load !)

l \

Other factors.. Second-order inelastic analysis

{ Connections O Material: consider plasticity
O Equilibrium: deformed configuration

{ Fabrications and +

. { Forces and deformations: no proportional
erection tolerances

O Residual stress { Frame stability: measure

Q Frame strength: measure



Introduction

Lateral 1st-Order  |_evels of
Analysis

Load, H Elastic

H,s
2M-Order
Elastic

Limit
2M-Order
Inelastic

Lateral displacement, A Ziemian (2011)
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AISC 2010 Specification

Appendix 1:
Design by Inelastic Analysis

Goals of Appendix 1:

v Address application of a wide range of
current and emerging methods of inelastic

analysis
v Mirror the elastic stability provisions of

Ch. C; Direct Analysis Method

v Eye toward the future and moving to
Performance Based Design

v Transparent and reasonably self-contained

Ziemian (Cilamce, 2011)
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Simple Portal Frame

Z 7,

Introduction
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Second-Order Effects

F _(UP)=F,_

int
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Semi-Rigid Connection
K

int

(U,P,S.)=F,,

t




Advanced Analysis of Steel Frames

Introduction

Ricardo A.M. Silveira

Inelastic/Combined Effects
F

int

(U’P’Sc’\ll) = Fext
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CS-ASA

Computational System - Advanced Structural Analysis

Galvao (2000)
‘ L Silva (2009)

Goncalves (2013)

—
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Interactive graphics program (Prado, 2012)

Definition of structural geometry, support
conditions, applied loads, element properties and
semi-rigid connections

Pre-processing

First order elastic of 2D frames subjected to static

: and dynamic load
Analysis : : : :
Second order elastic and inelastic analysis of

2D frames subjected to static and dynamic load

Equilibrium paths, internal forces diagrams, degree of
member section plastification, connection and section
hysteretic behaviour, displacements, velocities and
accelerations time histories

Pos-processing
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Input data

Finite element model

3

g K, =F, MU+CU+F, =F,
£

2 Advanced analysis

5 Geometric nonlinearity

S Connection flexibility

c‘é Member material yielding

% J

Output Data




Advanced Analysis of Steel Frames

Ricardo A.M. Silveira

FORMULATIONS

Geometric

nonlinearity

SOF-1
SOF-2
SOF-3

|

|
v

Connection Material

flexibility yielding
SRF-1 PHF-1
SRF-2 PHF-2

Combined
effects

AAF-1
AAF-2




Advanced Analysis of Steel Frames

Ricardo A.M. Silveira

Second-Order Effects

A
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S-0 Effects

Basic Considerations...

4 The equilibrium must be satisfied on the
deformed geometry of the structure

+ Theory: Euler-Bernoulli or Timoshenko beam
+ Kinematic relations
+ Energy functional / Virtual work

+ FE approximation: interpolation functions

/4 Product: stiffness matrix and internal force vector
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S-0 Effects

Basic Considerations...

+ Type of referential: Updated L. or Total L.

+ FE co-rotational formulation/system
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7»3A A +2
Force A y
}\/2
A "
AN3 € - 4
7»1A *2
AN - J2
Q Ad® A
AKI @ Ad2 >d1 y1
X4
e
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Displ. X




Advanced Analysis of Steel Frames

S-0 Effects
Ricardo A.M. Silveira

Co-Rotational System

Global system

fiLq / fLo ' Local system

Structure
M;,8,
( Co-rotational
\ M6, system
<)
A — %; 1=1,2,3 703
du | |j=123,4,56
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Pacoste and Eriksson (1997)

1. Kinematic Relations 3. Internal Deformation Energy
du dv L
Exx = [1+dXJcos(6) (dXJsen(e) U= ; (j)[EAg)Z(X + GAY2 + Elkz} dx

y=(d)\gcos(9)-£1 S;Jsen(e)

d
4. Internal Force Vector
k = @
d fi = OU
M dum

2. FE Approximations

= ; ; = .+ .
U=Hg+Hpup v=Hyvi+ Hyy, 5. Stiffness Matrix

2
dx dx dx = 0oU

Kmn = OUmOUn

with,H1=1-’L‘ H2=’L‘
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Circular Arch
Yang and Kuo (1994)

Perfect structural system
P B Imperfect structural system

Solution Parameters:

FEs : 68
P (AA%): 0.4 N
Full Newton-Raphson

I L =254 cm |

E=0.1378 kN/cm* 1=41.62 cm*
G=E2 A=64.52 cm?
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Results: Imperfect System

0.125

0.1

0.075

0.05

0.025

]
=
L.P. Yang e Kuo
0025 Load CS-ASA (1994)
A 5.904 5.813
005 B -8.463 -8.498
C 16.524 16.149
-0.075 D -21.901 -22.162
E 39.521 38.566
> 0 | 1‘0 | 2‘0 | 3‘0 | 4‘0 | 5‘0 | 6‘0 | 7‘0 | 8‘0 | 9‘0 ‘1(‘)0‘ 110 F “49.712 “49.896
v (cm) G 67.822 64.875
H -81.958 -82.420
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Semi-Rigid Connections

A
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S-R Connections

Basic Considerations...

4 Affects strength and stiffness of the steel frame
+ Behavior under monotonic loading

4 Mathematical models

+ Semi-rigid FE formulations (3 in CS-ASA)

4 Numerical example
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The connections:
- Transfer of forces and moments

- Global stability and strength of the structural
system and internal forces distribution

Stiffness criteria: rigid, semi-rigid or pinned

Behavior of semi-rigid connection:

- Moment-rotation curve M-, (experiments, anal. models)
- Mathematical models: monotonic and cyclic loads
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S-R Connections

Top and seat angle

Rigid connection

=0and S, — oo
(e 6 ) Single web angle

=(I)C

Pinned connection
(M =0andS,=0)
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Mathematical Models

M =f(9,)
Linear M =5, .0,
o n —
EXPONZHCIG' M = Mo + Z C] 1—€Xp ‘(I)C‘ +Rp ‘(I)c‘
(Chen e Lui, 1986) ! 2mo

Power
(Richard and Abbott, 1975)

Multilinear
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Semi-Rigid FE Formulations

CS-ASA: Connection flexibility

e SRF-1 Chan and Chui (2000)

e SRF-2 Chen and Lui (1997)
e SRF-3 Sekulovic and Salatic (2001; eccentric connection)

Semi-rigid connection: Spring Element

Qi ViT h Joint Flexibility 4&@ TQJ i
P, u; (:.@ @.> P> uj
M,, 6; L Sei Sej ! M;, 6;

K=f(UPS,)
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Semi-Rigid FE Formulations
Chan and Chui (2000)

Yon) Yo {Aebi
G,
k(6,3) k(6.6) Obj
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Semi-Rigid FE Formulations

ki kas Kusy Kae)
k:{: k>¥< k*

23) *24) “s T
E3 ES

(35)  (36)

k

k

(42) "™(43) , (45) "(4,6)
* * * *
(52)  (53) ’ (55)  (56)
* * * *

(6,2)  (63) 2 (6,5 (6,6

/L 1L |

K — 1 0 Sei 0| 115 O Stk Ko S O [||1 /L 0 -1/L
—1/L —l/L 0 Scj B 0 Scj k 3 Sci+k(3’3) 0 Scj 0 1/L1 —l/L

0 1
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Numerical Example

31.7 A kN/m
Fl—& e é
vogel Fra me ! < IPE 240 < T &
Chan and Chui (ZOOO) £ 490AkmN =
. i - © IPE 300 ;@@ ?
Analysis :
2| 490ikvm =
F1 =10.23A kN F - © IPE 300 o@@ <l
F2 =20.44A kN % 49.1 A kN/m @ (”f‘
Ao =1/300 F,—lo <2 o o
- IPE 330 - 3}
E =205GPa g 5 x
LE 49.1 A kKN/m G
Beam-column joints Y MR of
* Rigid =) PO
* Single web angle (A) ot —L_1 4l o]
([ ] S AO g AO A0
Top and seat angle (B) & | k
* End-plate (C) =| =l Fo
777 7 /A

* Extended end-plate (D) ‘ 2x6=12m

B ——
|
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S-R Connections

S,

cini

=12430 kNm/rad

N

cini

Extended end plate (D)
=34804 kNm/rad

End plate (C)

Top and seat angle (B)

=10759.7 kNm/rad

Single web angle (A)

45

S¢ (MNm/rad)

S

cini

=5424 kNm/rad

1T 1T 1T 1T T T T

0.00 0.01 0.02 0.03 0.04
0. (rad)

Exponential Model

0.05 0.06 0.00

n
M:MO+ZCJ- 1—exp

m=1

0.01

0
2mo

_‘ C‘

0.02  0.03
0. (rad)
] + Ry M)c‘

0.04 0.06

0.05
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Linear M-¢,. behavior Nonlinear M-, behavior

6.5 20
] - uT B
6.0 —
_ = 1.8 —
55— _
B 1.6 —
50 — |
4.5 1.4 —
8 4.0 : S = 1.2 — CS'ASA
8 35— — 5 ¢ Chan and Chui (2000)
8 2 10
[t .
g C g
] o 0.8 —
— 25 O -
20 B 06
1.5 — —
— A 0.4 —
1.0 — _
0.5 — 0.2 g
00— —71 717 17 17 17 T T T 1 0.0

0 10 20 30 40 50 60 70 80 90 100 110 0 10 20 30 40 50 60 70
ur (cm) ur (cm)
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Inelastic Effects
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Inelastic Effects

Basic Considerations...

4 Affects strength and stiffness of the steel frame
+ Methodologies of inelastic analysis

4 Generalized inelastic formulation

4 Numerical example
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Metodologies of Inelastic Analysis

Plastic-zone method

P
l Stress state of each fiber determined
Gradual spread of yielding
Second-order effect
Residual stresses
Solution is considered “exact”
{ High computational cost

|
- - fiber
T beam-column 77777777
finite element

| | |
section with fibers
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Metodologies of Inelastic Analysis

Plastic-hinge method

P [P P
H l l l Material yielding effect: plastic-hinge at the
x y member end

The portion within the element is assumed to
I B behave elastically

Elasto-plastic hinge method

Refined-plastic hinge method

7 beam-column element, Section gradual yieldin
" with section springs ' g y g
Residual stresses

Initial geometric imperfections
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Generalized Inelastic Formulation

CS-ASA:

e PHF-1 Liew et al. (1993; AISC and NBR)
e PHF-2 Chan and Chui (2000; BS5950)

Inelastic effects: Pseudo-Spring Element

Q. v: -Pse do-springs Q. v,
vt (inelastic behaviour) 7
Py /I@ t 4“‘\ Py u;
g i/
M;, 6; S (lP) SSJ(TJ) Mj’ eJ
6El
K:f(U,P,‘P) Ss =
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Generalized Inelastic Formulation

The Finite Element

Global system

Structure

Pseudo-spring

M, 0, ‘; (Material nonlinearity) % Mj ’ej

Cm@. p,5 Co-rotational

~colu

iiSi(\Pi) (second-order effect) SSj(\Pi)i system
Node 1 Node j
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Generalized Inelastic Formulation

Force-Displacement Relation

AM L= 0 Cz[kiinj—kijkji(1—03)]

AM; 0 Cy4lkiKjj—kikji(1-Cs) |

kis k;, k; and k;: Geometric nonlinear formulation

ij?

Crn (m-1..6) - Liew or Chan-Chui formulations
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Generalized Inelastic Formulation

Terms in the Equilibrium Equation

Parameters
Formulation

Cl C2 C3 C4 CS C6

Liew E, | Wi/Kj Vi v; /Ki Vi WiV]
| . Vi Vi _ =AY
Chan-Chui || E Vi J Bok J hd Bokii Al

2 2
B (=) [ (1-wy) "B (1-wy) [ (-wi) ™ Y L(1-w) (1- )

L [(6EI Wi 6El | 6El 1
B1=— [ : )+kiij( ' _)"‘kjjj—kijkji ; Po =

6k L (1 ~Vj T kijkji

I: moment of inertia; L: element length
E: Young’s modulus; E,: tangent module (AISC-LRFD, CRC)
y: strength reduction parameter (gradual cross-section yielding at the member end)
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Generalized Inelastic Formulation

Strength Reduction Parameter y

Liew Formulation
Elastic state

oa <05 = y=1
v=40(1-a)
o =10 = y=0 Full plastic state

o: force state parameter

Chan-Chui Formulation

M < M, = y=1 Elastic state

M > Mpr = y=0 Full plastic state

M,,: reduced moment plastic
M._,: reduced first yield moment
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Generalized Inelastic Formulation

Plastic Strength Surface

Liew Formulation

AISC-LRFD (1999, 2005) P/Py Plastic strength surface
NBR 8800 (2008) 1.0 (a0 =1.0; ¥ = 0.0)

Initial yielding strength
surface
(a=0.5; v =0.0)
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Generalized Inelastic Formulation

Plastic Strength Surface

Chan-Chui Formulation
BS5950 (1990)

—t, Ay

> I |
Mpr :|:Bf tf(D—tf)+((d/2) —N )tw:|0'y, fornSd/Z )
Dd 2n >
| o
My, = [(d/2)2 —nz}Bfoy, for d/2<n<d/2+t; I I
-t | B, |
(P—oytwd) _

n= , for d/2<m <d/2+¢; Cross-section

2B;o,
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Generalized Inelastic Formulation

Plastic Strength Surface

Chan-Chui Formulation

P/P,

1.0
Plastic hinge

0.8 Plastic strength

surface
06—

Stiffness Mpr/Mp

degradation

P
TR .

Initial yielding 0.2
surface for
G, /<5y =0.5

Plastic strength surface for section HEB 220

0.0 02 04 06 08 10 MM,
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Generalized Inelastic Formulation

Load Vector Correction
Ay =KchAug + Afyg

AP] [C{A/L 0 0 [a8] (o

0] C7K22 0 Aei + C-]
0 CgKaz |48 Lo

Plastic Parameters
hinge C, | G G, G2
End i 0o | 1 Mo SMpr. (ke(3,2) /Ke(2,2))
End | 1| 0 [Mpr (ke(23) /Ke(3,3)) Mo,
Endsiandj | 0 | 0 SMp Mpr

Koz =ke(2,2) ~Ke(23)Kc(3,2) [Ke(3.2) + K33 =Ko(3,3) ~Ke(23)Ke(32) Ke(22)
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Numerical Example

Four-story frame l 1pp l P 1pp
Aa P2 W16x40 y U
2
S|4 P2 AP APR||E
= =
AaP W16x40
3 g E
S|are AP Ape||lE &
= = X
1aP W16x40 ;
o 3 E
Eliapre AP apelld &
;l l l; =
AaP W16x40 £
2 E = 2.01x10°MPa %
= o, =236 MPa z \
=
P=1334kN |~y
.7 WW‘ 7.

Yoo and Choi (2008)

9.15m ——— =
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Numerical Example

Load-Deflection Curves

2.0
- < - (Liew form.)
N o=0.1 CS-ASA (Chan-Chui form.)
4 Yoo and Choi (2008)
1.6 —
o=0.24
<12 -
@]
s 0 4 se=g=T a=05
b APR AP PR
g AaP/2 v # v
9 os /2, )
Lmz P P J
AP,
]
ary
0.4
AP AP
Mf»" i P
P =133.4 kN
/ s
0.0 | | | | A | i
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Displacement u (m)
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Plastic-hinge Formation

CS-ASA CS-ASA
Liew Formulation (A_ = 1.055) Chan-Chui Formulation (A= 1.010)
() o)
25 33) > 3)
21 (99) 3

76 & 4 °

® o @ o
1.A=0903 4. A=1046 1.A=0.788 5.1=0.961
2.1=0911 5.%=1.052 2.4=0.804 6.%=1.001
3.4=1.037 6.%=1.055 3.4=0.890 7.A=1.010

% %A 4.%=0.908
o = 0.

@ Sequence of plastic-hinge formation

(P) % bending plasticity
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Advanced Analysis

A
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Basic Considerations...

Advanced Analysis

4 The hybrid FE

+ Equilibrium conditions
+ Relation force-displacement

+4 Numerical Application



Advanced Analysis of Steel Frames

Advanced Analysis
Ricardo A.M. Silveira

The Hybrid FE

Spring element (Connection flexibility)

y r Spring element (Material nonlinearity) ‘&
i Beam-column element

(Second order effect)

Node i: Section
Node i: Connection

X

Node j: Section
Node j: Connection
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Equilibrium Conditions

Beam-column
element

Geometric nonlinear formulation

Spring element {AMci}{Sci —SciHA%}
(connection) AMgi | [=Sci Sei | (A8

S, : Connection stiffness
Spring element AMg| [ Ssi =S ][40
(section) AMi ] [=Ssi Ssi | A8y

S, : Section stiffness
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Advanced Analysis

Relation Force-Displacement

EA/L 0 0 _
|42 Sesi K; (A3
< AMi b = ¥ SCSi ] : (SCSJ' + KJ]) ScsiScsj B—CJS I a8
AM, , g2 AD.
o 0 SesiSosi 5 Scsi "= (Sesi +Ki) | &
- Bes Bes |
S = ¢S Combined effect of connection flexibility
(8. +Ss) and member plasticity
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Numerical Example

50 A kN/m
L 11 vy

B =T q Seven-Storey Frame

67510V Sekulovik and Nefoska (2008)
2N ot v v vy

2 Connection | k (kNm/rad) | M,(kNm) n ko
o S R A 200000 250.0 065 | 00

N B 12430 101.7 150 | 00

@ 67.5 L kN/m I —
2uakN o v v v vy

- IPE 400 g

é ¢ ¢67.5¢?»k1\i/m ¢ I
24 L kN = . e o

I N Linear joint model (S, constant)

B 67.5 L kN/m . . - . D: .
o 111 ] T Nonlinear joint model : Richard-Abbott
. T Beams: 4 finite elements (,=0.3 G,)

N N Columns: 2 finite elements (6,=0.5G,)
E =205 kN/mm?2
77

o ) G, =235 N/mm?

8 m
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Advanced Analysis

Load Factor (A)

Load-Displacement Curves

5
— ~ Nonlinear connections o
- Rigid
= - CS-ASA Linear connections
¢ Sekulovic and Nefovska (2008) o A
4- I g
/
*
- Ve
7/
’ n
/
3 .~ Elastic
»
/ n
] . analysis
L 4
/
2 / ., ®
¥ ‘//,/
/ _
_ , - (A)
/0/
0/ -~
/ L 2
1 y - (B)
Ve
4 -
e
s
0 I I I I I I I I I I I I I I I I I
0 10 20 30 40 50 60 70 80 90

Displacement u (cm)

Load Factor (A)

1.1

1.0

0.9+

0.8

0.7+

0.6

0.5+

04—

0.3

0.2

0.1+

Inelastic
analysis

B

-

7o

0.0

\ \ \ \ \
20 30 40 50 60

Displacement u (cm)
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Nonlinear Solvers
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Nonlinear Solvers

Basic Considerations...

+ Incremental-iterative technique
<« Important steps

+ General algorithm
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Incremental-iterative Technique

Load increments: j = 1,2,...

(

y ’nméx

i AN == Load Increment S rr@
AU’ =K' AL°F.

Predictor:<

-

Equilibrium iterations: k = 1,2,...

~

"iméx
S)\E wp (Tteration S fr@
SU* =8U* + 81" 5U*

FI‘

Corrector: <

-

| Stop iteration when: HgH <€ AA

Stop load increment when: j=n_,

ax
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Important Steps

Step 1: - Tangent incremental solution: AA° and AU°
- Selection of a suitable external load increment

- A particular strategy is called
LOAD INCREMENT STRATEGY
- CS-ASA: 6 LIS

Step 2: - Iterative solution: 6A and oU
- Additional constraint equation is required
- This constraint equation distinguishes the various
iterative strategies
- A particular strategy is called
ITERATIVE STRATEGY
- CS-ASA: 8IS
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General Algorithm

Form the reference load
vector: Fy

INCREMENTAL CYCLE i =1, 2, 3,...

| Initial configuration
'U and A
Y

Tangent stiffness: K;

Nonlinear
formulations

Incremental load and
iterative strategies
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Nonlinear Dynamic Problem
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N-D Problem

Basic Considerations...

4 Nonlinear transient equation
+ Connections: behavior under cyclic loading

4 Material: behavior under cyclic loading

4 Numerical Application
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Nonlinear Transient Equation

MU(t+At) +CU(t+At) +Fi ~ (HN)}‘(”F”

(t+A1) —

F,- internal forces (nodal displacements, internal forces in
each element, stiffness sections, semi-rigid connections)

Nonlinear formulation

Incremental-iterative strategy
e Newmark algorithm: time integration

e Newton-Raphson method
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Connections: Behavior under Cyclic Loading

. Cyclic load

? /

* _; b?gini E G

i A . .

it / | Hysteretic Damping

/ 1
. ' Initial loading process: OA
b 0, Unloading: AB and CD
/ Reverse loading: BC
Reloading: DE
C ¢, residual deformation

Independent Hardening Model
Loading process/Unloading process
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Material: Behavior under Cyclic Loading

Cyclic plasticity model

Tension-deformation relation Moment-curvature relation
Yield stress A Moment 4 Refined-plastic model
Gy— 777777 > B D
% %
N 5 <
E /% S
$ ¢ §
TS - -
Strain € Curvatare b
iy
S
,,,,,, _Gy F Prid _Mp Prid E

Strain-hardening and the Bauschinger effect are ignored
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Numerical Application

50 kN 100 kN 50 kN
0.5P() V.Sc ¢ sc ¥
PO S &
T Load P(r)
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S ¢ S¢
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E = 205000 MPa 3m 0.5  Time (s)
//’ 1/438 Gy= 235 MPa //’
6,=0.5 oy
A 7 Chan and Chui (2000)
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Connection behavior and yield surface

A A
, Py =2183 kN
200, M,=188371kNm 1.0
I
I B
| .
150 | S,.. .= 23000 kNm/rad 0.8 — Full yield
N R, = 70 KNmv/rad A surface
' My= 180 kNm ~ Yo
100 — |
n=1.6
] 04 —
20 7 0.0 — Initial yield
_ )M _ surface
e e B e e e e s s B B
0 0.01 0.02 003 0.04 0.05 0.0 0.2 04 0.6 0.8 1.0
¢, (rad) M/M
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Rigid Connection
Displacement transient response

el CS-ASA

Elasto-plastic
Chan and Chui (2000)

hinge analysis
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Semi-rigid Linear Connection

Displacement transient response

Elasto-plastic hinge Chan and Chui (2000)
analysis
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Semi-rigid Nonlinear Connection

Displacement transient response

¢\/’Elas‘ric s \/

# analysis
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* Chan and Chui (2000)
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Connection Hysteretic Behavior
Elasto-plastic and Refined plastic analysis
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Section Hysteretic Behavior

Linear and Nonlinear connections

gl
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Final Remarks

{ Graphics pre and post—processors (Prado, 2012)
{ Nonlinear dynamic problems (refined plastic-hinge approach)

- Energy dissipation through the plastic hinges
- Hysteretic behavior of connection: a natural damping

O Progressive collapse of structures (procedures...)
{ Contact problems (soil-structure interaction; unilateral contact)
O Mixed structures

{ 3D formulations
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