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Introduction

CEPAO package
(Calcul Elasto-Plastiqgue, Analyse-Optimisation)

Built-up in 1980’s at University of Liege (Belgium)
for 2D framed structures

New development: 3D framed structures
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General features

The one/two/three-linear behaviors of the mild steel are
considered.

The frames are submitted to fixed or repeated load.
The second-order effect is taken into account.

The beam-to-column joints could be rigid or semi-rigid.
The compact or slender cross-sections are examined.

The investigation is carried out using direct or step-by-
step methods.

Both analysis and optimization methodologies are
applied.



Element features

_____________________________________________________________________________________

/

- Formulation by using the elastic Bernoulli beam theory
- P-5 effect by using stability fountions (in step-by-step analaysis)

- Imperfection effect by using European buckling curves (in step-by-step analaysis)
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Rigid-plastic formulations

Limit analysis by kinematical approach Shakedown analysis by kinematical approach
Min g=sjh| f'd=¢ Min Z(n,,p)=n,| T
AL>0 NC(Se+p)Snp
Limit design by statical approach Shakedown design by statical approach
NA—-Bd=0
Min Z(n,,S) BTTSZf Mi _ T TN .j —
p Nes <A, IN @=Sgh| SENcA=E
A=>0

Linear programming formulation

@

Min 7z =c'x| Wx=Db




Rigid-plastic formulations

Min 7z =c'x|[/Wx =b
2

Very large dimension

N

20 story frame
Problem W dimension
Analysis (921)x(18 961)
Optimization (16 380)x(19 220)

g

Several tachniques have been proposed and
adopted in order to reduce the proplem sizes
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Elastic-plastic formulations
Elastic constitutive . AS _ DAe

relation
_Elastic  [Asg | |Dgs  Dgc || A¢r -0 Normality
Plastic |Asc | |Dgc Decc || Aeq —Aec?/ rule
P _ .
Elastic-plastic Aec =NcAL Plastic
constitutive relation . , . constitutive

ASc | [ Dre ~DecNeR;  Dec —DecNeR, || Aec

\ }




Numerical examples

|. 3-D rigid frames analysis
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Numerical examples

Frame 1.2 — Twenty-story space frame
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Numerical examples

Load multipliers given by second-order analysis

Auther Model Frame I.1 Frame .2
Liew JYR - 2000 Plastic-hinge 2.010 -

Kim SE - 2001 Plastic-hinge 2.066 -
Cuong NH - 2006 Fiber-plastic-hinge 2.066 1.003
Liew JYR - 2001 Plastic-hinge - 1.031
Jiang XM - 2002 Fibre-element - 1.000
Chorean C.G.- 2005 Distributed plasticity, n=300 1.998 1.005

n=30 2.124 1.062

CEPAO Plastic-hinge, hardening ignored 2.033 1.024

hardening considered 2.149 1.051
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Numerical examples
Load multipliers given CEPAO

Method, model Frame 1 Frame 2

Elastic-plastic, first-order — 2.489 1.689 (instantanenous)
Elastic-plastic, second-order | 2.033 1.024 (unstableness)
Limit analysis — 2.412 1.698 (instantanenous)
Shakedown analysis, load a 2.311 1.614 (incremental)
Shakedown analysis, load b [ 1.670 0.987] (Alternating)

load a: O< floor pressure < 4.8 3 (kN/m2); 0 < wind load < 0.96  (kN/m2)

load b:0 < floor pressure < 4.8 3 (kN/m2);-0.96 <wind load < 0.96 (kN/m2)
12



Load multiplier

Numerical examples

Hinge-by-hinge first order —e«— Hinge-by-hinge second order
— — Limit analysis = = = = Shakedown analysis, load domain a
— = =3Shakedown analysis, load domain b
1.5
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s F - 210
=
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0.5 4
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Numerical examples
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Load multiplier

Numerical examples

Hardening effect
Load Load Har.

25 Har. 124 \
\ AL
2 1 11 ==
|
15 %
No har. 2 054 No har.
1 4 &
------- Hardening considered = 0.4 4 +++++ - Hardening considered
Hardening ignared
051 Hardening ignored 0.2 4
0 . : . . : . 0 .
0 0.0% 0.1 015 0z 025 0.3 0 05 1 15 2
Top-story sways (m) Top-story sways (m)
Frame |.1 Frame 1.2

15



section 7

Numerical examples

Local buckling check

Load multiplier

2.5 4

(2.254)

=
-""-‘

Local buckling

(2.13)
Plastic-hinge occurs
(2.08)
D.IEIS IIIT1 D.*'lﬁ 0:2 El.l25

Displacement {m)
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Numerical examples
ll. 2-D bending frames analysis (Casciaro -2002)

Mechanical properties

n,f

E | MP 3R :\ +
|8/
Column | 300000 | 540000 | 1800000 -
Beam 300000 | 67500 |450000 N

4 frames:
1: 3 spans, 4 stories
2. 4 spans, 6 stories
3: 5 spans, 9 stories
4: 6 spans, 10 stories

Load domain:
OA < pl<10A; OA<p2 <5A; - 500N < P3 <500A

300

300

300

17
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Numerical examples

Frame Limit analysis Shakedown analysis
(NsXNy) | Casciaro | CEPAO | Dif. Casciaro | CEPAO Dif.
3x4 2.4612 2.4612 0.0% 2.0134 2.0102 0.0%
A6 1.8610 |1.8610 | 0.0% 1.3993) |(1.2655 -10.5%
5x9 1.2000 1.2000 0.0% 0.7533 0.7076 -6.4%
6x10 1.1532 1.1532 0.0% 0.7209 0.6771 -6.5%
Upper bounds Load Casciaro
Alternating Load | /
plasticity at Multiplier " CEPAO
Section A (1) m \
Section B (2) 0.6816 ngﬁ;
Section C (3 0.6533

G) e > [Mis.




Frame lll.1

(shakedown design)

Numerical examples
I1l. 3-D rigid frames optimization
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Numerical examples

Frame Ill.1(American sections)

Design Iteration

variable 0 (1mtial) 1 2 3 4 5 (optunal)
1 W12X87 W16X89 W16X67 W16X67 W18Xo65 W21Xe62
2 W12X120 W21X101 W24X76 W24X76 W24X76 W24X76
3 W12X87 W24X55 WI18XS55 W21X44 W21X44 W21X44
4 W10X60 W18X60 W18X40 W16X40 W16X40 W16X40
5 W12X26 W12X21 W12X14 W12X14 W12X14 W12X14
6 WI12X53 W18X60 WI18X50 W18X50 W18X50 WI18X50
7 W12X87 Wi14X61 W18X46 W21X44 W18X50 WI18X50
8 WI12X53 W14X48 W12X21 W12X19 W12X19 W12X19
9 WI12X53 W14X43 W14X30 W16X26 W16X26 W16X26
10 W12X87 W18X45 W18X35 W16X31 W16X26 W16X26
Weight (kN) 2952 2441 178.0 170.8 170.4 169.4
Safely factor 1.670 2.283 1.785 1.784 1.767 1.754
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Numerical examples

Optimal ?
P Load Optimal Initial

25 - \ /
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------- Optimal member size

Load multiplier

Initial member size

05
D T T T T L}
0 005 0.1 015 0.2 0.25
Initial optimal Top-story sways (m)
member-size member-size
(295kN) (169kN)

(Second-order analysis) 21
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Numerical examples

Frame I11.2 < Loaowm
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Numerical examples

Convergence!

Frame I11.2 (American sections)

Design Iteration

variable TR G AT
- W6X9 - WI12X30 | WI2X26

- W6X9 - W8X21 | W10X17

- W6X9 - W10X12 | W10X12

- W6X9 - W6X9 - W6X9

 W6X9  W6X9 - W6X9

“Weight (kN)  238.06 | 333.83  312.69

[d

Mo

Safely factor = 0.42 1.52 1.32

(Limit design)
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Numerical examples

20 kN/m?2
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Numerical examples
Frame I11.3 (American sections)

Design Iteration

variable 0 (initial) 1 2 3 4 5 6 (optimal)
1 Wo6X9 W14X43 & W1oX26 | W16X26 W14X30 W14X30 W12X30
2 Wo6X9 W14X34 @ W14X22  W14X22 W14X22 W14X22 W14X22
3 W6X9 W14X38  W14X22 WI14X22 @ WI14X22  W14X22 W12X21
4 Wo6X9 W12X30 @ WI12X19 | W12X19 W12X19 W12X16 W12X14
5 W6X9 W16X36 @ W16X26 | W16X26 W16X26 W16X31 W16X26
6 W6X9 W14X34 & W12X21  W12X21 W12X21 W12X16 W12X14
7 Wo6X9 W12X30 @ WI12X19 | W12X14 W12X14 W12X14 W12X14
8 Wo6X9 W14X34 @ W12X19 | W12X16 W12X14 W10X12 W10X12
Weight (kN) 64.40 243.03 178.0 123.83 119.94 111.40 107.77 »
Safely factor | 0.26 1.87 1.14 1.09 1.17 1.17 1.15 '\
Frame I11.3 (European sections)

Design Iteration

variable 0 (initial) 1 2 3 4 5 (optimal)

1 IPE 80A HES00AA ' IPEA360 IPE330 IPE330 IPEA330

2 IPE 80A IPEAS00 IPEA330 IPEA300 | IPE270 IPEA270

3 IPE 80A IPE320A IPE270 IPEA270 | IPE240 IPE240

4 IPE 80A IPN380 IPE270 IPEO220 | IPEO200 | IPEO200

5 IPE 80A HP260X87 | IPE240 IPEA240 | IPEA240 | IPEA240

6 IPE 80A HE240B IPEA240 TPEA220  IPEA200 | IPEA200

7 IPE 80A HP350X88 IPEA270 IPEA240  IPEA240 | IPEA240

8 IPE 80A HE320AA  IPEA240 IPEA240  IPEA200 | IPEA180

Weight (KN) | 23.73 391.07 146.57 125.29 115.44 107.00 &
Safely factor | 0.056 3.26 1.39 1.24 1.19 1.03

25



Numerical examples
V. Convergence of SBS and Direct methods

26
Direct method (1.698) Step-by-step method (1.689)



Numerical examples

L] | L
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Direct method (2.126) Step-by-step method (2.175) -



Numerical examples

Direct method (2.469)

Step-by-step method (2.402)
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Numerical examples

Direct method (2.226)

Step-by-step method (2.264)
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Numerical examples

V. 2-D semi-rigid frames

A Moment. MJD/MP

1,0
\
—~ — Rigid
0.7¢ ~
V=0
=2 \\ Sem-irigid
O,Z" \/:10 \\
T~ —__ Flexible
S~ —

0 114, 2.0 3,0
Rotation GJ(EI/hMp)

Moment-rotation relationship for connexions
(Bjorhovde-1990) 30



Numerical examples

V. 2-D semi-rigid frames, Tin Lol 1993

Limit and shakedown analysis

Frame V.1la: E=2.1E7; | = 118.5E-6;
Mp = 20; h=0.3;

Frame V.1b: column: E = 2.1E7; | = 85.2E-6; Mp = 10;
beam: E = 2.1E7; = 118.5E-6; Mp = 20; h =0.3.
Load domain:
O<pi<p
O<p2<p A

©
©

TM

2M2

M1

M1

M1

b)




Load mMultiplier

Numerical examples

Load
B .
W A ]
5 e v ¥ .
— m E E
w m
4 © & -
3 o
& +«  Shakedown (CEPAD)
7 o Shakedown (Tin-Loi)
+  Collapse (CEPAD)
1 4 < Collapse (Tin-Lai)
I:I I I I 1 I I I I I 1

0 010203040506 07 0809 1

Connexion strength

Frame V.la

Load Multiplier

Load
1.6 -
N & & &
1.4 4 . ., B B
1.2 - * 5 B
* m
1 4 & m
|
0.8 - g +  Shakedown (CEPAD
0.6 H O  Shadown (Tin-Laoi)
04 @ « Collapse (CEPAD
< Collapse (Tin-Lai
07 4 pse (T )
I:I I I I I I I I I I 1

o 01 02 03 04 05 06 07 08 09 1

' Connexion strength

Frame V.1b
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Numerical examples

V. 2-D semi-rigid frames, Jaspart — 1991 (using FINELG)

1 12 2
@ @ O
IPE 300 IPE 300
Type 1 o o o
3 3 3 E
© = = N
£ o o
777777 777777
'|= 12m + 12m =||
Geometry
P, ‘ oP 4P P, ‘2/3 2P
L @(L cl) e o
Type B1 Type B2
77777 777777 77777 o o

Loading

2P

33



Numerical examples

Typez Pc\ IP R:‘
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Geometry

Loading

Numerical examples
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Numerical examples
Type 1

Frame  Loading Assemblages Load multipliers

CEPAO
Type  F(N) M Ma mpr s Direct

=
z
e
Z

BP1 12.0 36.0 1477 105.0 2.98 2,96 291

BD2 12.0 360 47T 70 296 293

-2
i D
—

BP3 12.0 - 36.0 1477 39.0 2.59

-2

BP4 12.0 36.0 105.0 : 77.0 2.79

1 "
i S ND

BPS 12.0 - 36.0 77.0 1 105.0 2.69

S HE = TR L
] i SO

BP6 12.0 360 105.0 1477 282

~1
oo

BP7 12.0 36.0 0.0 1477 2.05

=

BP8 12.0

36.0 39.0 1477 251

BP9 12.0 36.0  105.0  39.0 2.59

BP10 12.0 360 770 770 2.66

e HRN R e

—1

ol Ll Ty
[ R W s

BPI1 12.0 36.0 1477 390 2.74

BP12 12.0 36.0 1477 770 2.96

=
e

o B e | O c [ o N e I e R e § i e H an B o H e L o ]

BP13 12.0 36.0 1 1477 ©105.0 2.98

o O B o R s R e R e R e R e e e e e
T | ek ek | ek ek | k| ki | ek | ki | e | i P ki | e (e
S P22 19 19 1 121 12119 19 19 12 191 1
e i i L L I I L A A ad )
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BP14 12.0 180  77.0 1477 343
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Type 2

Numerical examples

1ers

Frame | Loading

Type F(kN)

P(kN)

 Assemblage

M =M =My

-~ Load multipl

(EPAOD

FINELG

SBS

Direct

CP1

100

100.0

300

250

135

13

131

CP1

100

- 100.0

50,0

50,0

150

147

146

CP3

- 10.0

1000

- 50.0

- 75.0

163

Lal

160

CP4

10,0

100.0

50,0

1000

180

17

CP5

10,0

1000

50,0

125.0

1.9

- 1.90

- 1.88

CP6

10,0

100.0

50,0

14758

300

103

10

CP7

2.0

1000

- 50.0

- 100.0

- 1.98

- 1.98

- 1.97

CP8

1
]
1
1
1
1
1

20,0

40,0

80,0

1000

188

7

LTS
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Numerical examples

Type 3
Frame  Loading - Assemblage - Load multipliers
CEPAO
Type | F(N) | 0@ M=.=M, | FINELG | SBS Direct
(kN'm) | (KN/m) | (kNm)
DP1 1 50 400 250 1.38 1.38 1.38
DP2 1 5.0 400 375 1.48 148 147
DP3 1 50 400 51.6 1.59 1.59 1.58
DP4 1 50 400 120.0 1.89 1.87 1.8
DP5 1 250 (200 |- 120.0 2.30 2.04 1.99
DP6 2 200 (200 {400 |1200 2.14 178 173
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Numerical examples

V. 2-D semi-rigid frames

Load domain

- Shakedown:
a)0<A1<1,042<1
b)-1<A1<1,0 A2 <1.

- Limit: A1=42=24;

Groups of elements:

- Optimal: 40 different
groups of elements, load factor
A=0.25

- Analysis: 8 different
groups of elements:

Gup 15 G0 LS I6N 05 N I 3

Dfle PRS0 DESOD DRSO DERO HEGNS HESSOA HEHOA HES

E:2E8’O-p:2E5 e 33 3 13




Load os-

04
TR

03 { Pl
0.25 | P
0z | B
015 | B

0.1 4

Laoad Multiplier

Numerical examples

—s— ==1{rigid)
—e—=:=049
—a—==0.8
—w—==0.7
—#—=:=0E

—a—z=05

—+— =04
— =03
—— =02

¥ —s—z=01

0.05 Eaacta

o oo0s% 1 15 2 256 3 35 4 45

Top-story sways (m)

(First order)

Load

—s— ==1.07rigid]

0.35 4 a—s=03
— ——==0.8
2 034 —e— =07
= 025 4 ———llf
= -
= 02 ==10.5
E 15 - } ==00.4
= — =02
LR —ei2

0.05 S ....::_.:*'.' —a—z=01

0

o o1 02 03 04 05 06 0F 03

0.3

Top-story sways (m)

(Second order)

moment
1,0
~—
T~ Rigid
0,74
V=0
V=2 \ Sem-irigid
0,2¢ V=10 N
T~ —__ Flexible
0 14 2.0 3.0

" Rotation
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Numerical examples

Load factors

0.45 -
0.4 -
0.35 -
—+— Limit analysis
0.3 -
095 - —&— Elastoplastic analysis
' first order
0.2 4 —A— Elastoplastic analysis
o order
015 - —i— Shakedown analysis
0.1 4 (=)
—o— Shakedown analysis
U.EIE Eh.]

01 02 03 04 05 06 07 08 03 1
Joint strength
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Weight

Numerical examples

Theoretic weight

3.30E+02
J.10E+03

Real weight

—— Optimal - Limit, memberweighit

—O0— Optimal - Shakedown, membersweighit _
75 —O0— Memberneight

—— Optimal-Limit | member+connections"weight

2 GOE+05
¥ —r— Member+connections"weight
2 FOE+05 - .. d ]
k]
2 SOE+05 - =R
[
2 30E+05 - = f
E ED -
2 10E+05 - =
1 90E+05 - 2 5
1 FOE+05 - 2
1 50E+05 : . : : . : 45 . . . . . .
04 05  0F 07 08 04 1 04 05 0 0OF 08 048 1
3 Connexion strength " Connexion strength

Variation of weight according to connexion strengths
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Concluding remarks
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Thank you for your attention!
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