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Abstract

Abstract

Hybrid testing, which combines the advantages atimerical computation and
physical experimentis an effective method to evaluate the dynamic response of
structures It is potential in assesng the seismic performance of large scale
structures with the help of substructuring technique. However, there are some model
errors in substructure hybrid testing. One model error is derived from discteting the
prototype structure in too simple compudatal model and rough numerical
elements, e.g. story shear model aodstitutivemodels in member level are used

to represent frame structures. The other model error is resulted from the parameter
uncertainty of the assumed model in numerical substustraey. the members
which undergmonlinearitybut can not be tested experimentally will be represented
by assumed numerical modelhe advantagef substructurénybrid testing will be
eclipsal if the whole structure is dominated by numerical substrusture

To reduce the twanodel errors in hybrid testingt, is necessary to adopt proper
computational model and refined numerical elem8efsides, the measured data of
experimentakubstructurecan and should be used to identify the parameters of the
preddined numerical model, then the identified parametans beused to calibrate
the corresponding model in numerical substructure during hybrid testing. Hybrid
testing system based on finite elemnt software and model updating framework is
studied to providéechnical supports for the two strategies above.

This study focus on reducing model errors in hybrid testing of frame strgcture
thus, hybrid testing with online sectional model updating is proposed. The main
work and conclusions are as follows:

(1) The sectional constitutive model account for afiekural interaction is
proposed for bearnolumn element. The sectional yield surface of axial force and
bendingmomentis formed based on section assembly concept, and the sectional
constitutive model is hilt according to the classicallastic theory Section state
determination and constitutive relation integration are discussed for the application
of the sectional constitutive modeA nonlinearfinite element software based on
MATLAB is developed.Numeical simulation show that: the sectiomainstitutive
model not only can account for the influence of axial force on the bermdipgcity
but ako features with kinematic, isotrophic and mixed hardending. Besices, the
sectional constitutive model can bat® both computation accuracy and efficiency.

(2) The parameter identification method of the sectional constitutive model for
beamcolumn elemerstis proposed A frame column is taken as the system to be
identified, the nodal displacemeanand force of the column in basic coordinate
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system are chosen as the inputs and outputs, and force based element with sectional
constitutive law is adoped as themerical model of the columitKF is employed

as identification algorithm in parameter estimation and jesttmation forrs. The
performance olUKF Pureparameter estimat&ith respect to the initial value and

noise of the filter are analized.eBides, the identification with angithout model

errors ugng both Pure parameter estimation and Joint UKF estimatiediscussed.

The results show that the identification method is robust, accurate and efficient.

(3) Hybrid tesing framework with online model updating based omefielement
software is estimatedrhe problem associated with tviop hybrid testingsystem
is analized and a simulation platform for hybrid testing systenbust. The
threeloop hybrid testing framework based on finiesdement is studied, in which the
communication between MALAB finite element and middi®op dSPACE is
summarized, bedes, the functions of the dSPACE are extended to include
commands generating and boundary conditions controlling. The framework of
hybrid testing with online model updating for frame structures is proposed.
Numerical simulation and hytrid testing have simothat the platform of simulation
and the framework of testing are feasible and effective.

(4) Hybrid testing of frame structure witmd withoutonline modeling updating
arecarried out. Plan steel frames are taken addhget structur@nd consideredsa
barsystem model, thenethods forstatic and dynamic analysis are specified. A full
scale frame column is designed as the specimen and loaded byatiweor
experimental setup, the measurement layout is also introduced. The conventional
hybrid testingand the hybrid testing with online model updating are conducted. The
results show that théoundarycondiction of a plan column can be realized by
threeexperimental setup, the advantage of conventional hybrid testing is not
obvious for large scale framsructrues, while the hybrid testing with online model
updating can greatly improve the accuracy of testing results.

Keywords: Hybrid testing Model updating, Constitutive model,
System identification, Parameter estimation, Testing system



e e e et e eeee e e ee e eeieeete et eeeeee e ee e e e it e et e e et eaae e e e st e e ereeate e L.
o € 1) 1= Lo 11
L e e e e e e 1
1.1 1 H ettt 1
1.2 Vs 2
1.2.1 L T H e 3
12,2 e, 5
1.3 U TUUUTURURRRTRRPRRRRRI 7
1.3 LV NO 38
1.32% L e, 10
1.3.3 e 12
1.4 O T el 13
1.4.1 b e, 14
LA 20 T e 16
1.5 T 19
1.51 B e, 19
1.5.2 D et 21
1.67 1 o TR 23
2 b e 25
2. L e 25
2.2 Z b e 26
2.2.1 e, 26
2.2.2 e, 26
2.3 Hpzbi ST TP U PN U TR PP 28
2.3.1 T X e, 28
2.3.2 z B ettt 28
2.3.3 e, 29
2.4 L i N ettt 30
2 8. L s 30
2.4.2 i Q. ettt e e e e 32



2.5 v Ne i e et eeeahe e eeeaaneieeateateaeieaas 33
251 z NQ D e 33
252" z NQ D e, 37

2. B e 46

3 1 | e, a7

B e 47

3.2 Tl Ve 48
3.2.1 1 H et 48
3.2.2 V2SO TR TR 49

3.3 UKF/ T 0 T e, 53
3.3.1 UKF B e, 53
B3 2UKFO T et 57
BB B UKFL T e 58

3.4UKFA v B N s 59
3.41AvV b NQ et 60
3.4.2 b NQ et 63

35 vo e e e e e eaae e e e eaaneieeateareaneeeend 64
3.5.1 F e e 65
3.5.2 F e e 67

BB e, 69

4 & YOO UROPRPPRORN 71

A 71

42 T 0 s 72
A2 1 H e 72
4.2.2 0 e 74

4.3 6 ‘H b P PRPPRPPY 4 o
B30 ] 76
4.3.2 D T D e 78
4.3.3 T T e 82

A4 e, 85
A4 e, 85
B4, 2 e, 86

4.5 i O e 87
4.5.1 s 87



B B e 96
D Q7
DL e e 97
5.2 1 N e 98
B 2. e 98
5.2.2 N e 100
5.3 1 ¥ 102
B.3. e 102
5.3.2 D ¥ 1 e 104
B33 U e, 108

B e, 109
5.4.1 L e 109
5.4.2 T NG e 111
DD e 119
5.5.1 L s 119
5.5.2 T NG e 121
DB e e e a e e 124
F i e e eeeeeaeaeeeeareaeaee e 125
AU 4 F 127
BY ® F e, 129
Ce VA e, 131

D b 133

E F - VD e, 135

L e, 137
r [ 0 1 D e 153

K . A/ B e 154
....................................................................................................... 155

Vo A e e, 156

-VII -



Contents
ADSEract (IN CRINESG ... .o e l
ADStract (IN ENGIISH ...ooeei e 11
Chapter 1 INtrOQUCTION ..o e 1
1.1 Background, objective and significance of the subject........................... 1
1.2 Development of model building for frame structrue...............cccoeeevveenen... 2
1.2.1State ofart of bearacolumn element............coviiiiiiiiiiiiii e, 3
1.2.2 Sate of art of constitutive modelS...........ccoovieiiiiiiiiiii s 5.
1.3 Development of the method of hybrid simulation...................cccooeeeee 7
1.3.10verview of numerical integration methods...........cccccceeviiiiieeeiininnnnn. 8
1.3.2 Overview of loading controlling strategies.........cccccevveeeeiiiimcinnneenee. 10
1.3.3 Overview of platform & hybrid testing system.............ccciiiiiennen. 12
1.4 Development of system identification and parameter estimatian.......... 13
1.4.10verview of the principle of system identification........................... 14
1.4.2 Overview of the method of parampter estimatian........................... 16
1.5Application of model updating to hybrigimulation.............................ccc. 19
1.5.1Principle of hybrid simulation with model updating........................ 19
1.5.2 Development of hybrid testing with model updating....................... 21
1.6 Key problem, technical route and content of the research................... 23
Chapter 2 Sectional constitutive model with axial forc andbending moment
COUPIING. e 25
P22 R 1 1 (o To [0 o1 1 o o 100U 25
2.2 Yield surface of sectional axial force and bending momeunt.................. 26
2.2.1Corelation curve recommanded by Standards...........c.....ccovueeeee 26
2.2.2 Corelation curve by section assemblage concept...............couunee.ee. 26
2.3 Relation of generatied forces and deformation in section...................... 28
2.3.1Assumption of sectional constitutive relation.............cccccceevvveeeeens 28
2.3.2 Basic law in classical Plasticity Mechanics................ocoovvviiicennnenne. 28
2.3.3 Incremental constitutive relation in SECtioN...........cccovvvviviiiiecenneennn. 29
2.4 Sectional state determination and integratiocaistitutive relation......... 30
2.4.1 Method of sectional state determination............ccccoeevevviiieeniiinneeennnns 30
2.4.2 Integration of sectional constitutive law..............ccoooiiiiieniiinines 32
2.5 Examples of numerical analysis.........ccoooooiiiiiiiieii i 33
2.5.1Examples of static elastoplastic analyis.............cccccviiiiienniiiiiiiinnnnn 33
2.5.2 Examples of dynamic elastoplastic &ng................ooceevvviiiiieenneniennnns 37

- VI -



Contents

2.6 Brief SUMIMIAIY. . ..o 46
Chapter 3 Identification method of the parameters of sectional constitutive
model in beamcolumn element..........cccoooiiiiiiiiiiiie 47

10 1 (o To [0 o1 1 o o ISP 47
3.2 Test design and numerical model of frame column.....................cccees 48
3.2.1Testing and measuremert@dumn.............c.ccoeeeeiiiiiieeeiie e, 48
3.2.2Numerical model of frame COlUML..........ccooviiiiiiiiiiee e 49
3.3 Principle of UKF and state and parameter estimate...............cccccceeeen.... 53
3.3.1Basic principle of UKF algorithm.............coooiiiiiiiieeee, 53
3.3.2 Principle of UKF parameter estimate.............ccccovviiiieeeeeiieiiinneee, 56
3.3.3Principle of UKF dural estimate..........cccccoevvviiiiiiiiiiieeee e, 59
3.4 Selection of mitial value and noise of UKF and analy............................ 60
3.4.1Selection of initial value and analysis............ccccooevviiieeeeiiii e, 60
3.4.2 Selection of noise and performance analysis........cccccoooeeveeviennennnnn. 63
3.5 Examples of numerical sSimulation.............c.coiiiiiiiiiiiii e 66
3.5.11dentification without model errorS...........ccoovvviiiiiiiiiecee e 66
3.5.2 Identification with model errors.........coouvevivviiiieiece e 68
3.6 BrEef SUMMAIY......ciiiiiceiiie e e e e e e e e e eees 70
Chapter 4 Framework of hybrid testing system based on FEoftware and
online model updating.............ooeriiiiiiiiiiee e 71

7 R 1 o] o Yo U Tox 1o o PSP 71
4.2 Framework and platform of hybrid testing system...........c.....ccoeeeeeee. 72
4.2.1 Framework of tweloop hybridtesting System............ccoooevvviiiiiiinennnnn. 72
4.2.2 Simulation platform of hybrid testing system..........c.ccccooovviiiiinnnnnnnn. 74
4.3 Hyrid testing system based on finite element software...............c......... 76
4.3.1 Framework of thredoop hybrid testing system............cccccceeiveiiiieenns 76
4.3.2 Data communication between software and hardware................... 78
4.3.3Key problems in hybrid testing system............cccooeeevviiieeeeiiiiie e, 82
4.4 Framework of hybrid testing for baystem with model updating............. 85
4.4.1 Framework of hybrid testing for batystem............ccccoooviiiiiiieeinne, 85
4.4.2 Hybrid testing of bassystem with model updating............................ 86
4.5 Verfication of testing system argimulation of model updating............... 87
4.5.1Verfication of the platform of hybrid testing system.............cc......... 87
4.5.2 Simulation of hybrid testing with model updating..............cccccceeeenn. 92
4.6 Brief SUMMAIY ... it e a e 96



3 \ B

Chapter 5 Hybrid simulation of frame structrue with online model

0] L0 E= 1A T g o TR PSP PPPPTPPPPPPPPPTN 97

ST A 1 g1 e To [ T3 o o PP 97
5.2 Target structrue and analysis method in structrual level...................... 98
5.2.1Computing model of plane frame...........ccccooeviiiiieeeiii 98
5.2.2Analysis method in structrual level...............cccooi e, 100

5.3 Design and loading of column experimental substructrue................... 102
5.3.1Designof column experimental substructrue...........ccccoeeevviiveennen. 102
5.3.2 Loading and measuremeat the specimen...........cccooeevvvviiiiieeeneeen. 104
5.3.3 Coordinate transformation of loading system............cccccceeveiiieenene 108

5.4 Hybrid testing based on column experimental substructrue............... 109
5.4.1Testing system and design of testing Gase............cccoeevevvvieeeeeenn. 109
5.4.2 Results of the testings and analysiS..........c.ccooiiviiiiecer i, 111

5.5 Hybrid testing of frame structrue with model updating........................ 119
5.5.1Testing system and design of testing Cases..........ccccevvviiieeneeeenns 119
5.5.2 Results of the testings and analysis..........ccooveviiiiiiieenneeeeeeii e 121

5.6 Brief SUMMIAIY.....coiiieiii e 124
(0] [ 1§ 5] o] o ST 125
Y o] 0 1= o o [5G NN 127
y Y o] 1= Lo 11 G = T 129
7Y o] =T Lo 11 U 131
F Y o] o 1=T Lo 3G 5 T U 133
APPENTIX B .o 135
S (=] 1= o= PP 137
Papers published in the period of Ph.D. education................cccceevevviineenennns 153
Statement of copyright and Letter of authorization .................ccceiveviiiiennn. 154
ACKNOWIEAGEMENTS ... e e e e e e e e e 155
R S UM . et e ettt e e e e ean e ee 156



1
1.1 0 M
W Z 0 ) v
=H A X 0 H W 3 ey
" as [z
VY N U a
r A bu " v
i n A T Ne W
H U T [ “bop
¥ 7 F No %0’ “
W' Ne _ A
New z a " oz (2314
z [4-6] ) v i - b
b A " (7] “ Ty i
n -z Ap G~ Z L
: © s [ ~
D~ [ T VA
Tz [ i v Z z
b - y4 ¥ 0,1 4 1-1A
v zZ v 1 a Y - T A
H 7 . ~ B N [T
B v 0 7 _ = z L A
Y ¥ %o 1
i ) Tt W A
D . r e
7 0 TW A B p <
i b TN b y !
" “  Huw W “Au 3 _ v
. . ] r .
L "H pbw ) A
b N W b a a a



W ¥ A 1
L b7 1] V 7 0 9
Wae s e@bwy A" Ne D7 '
v 0 A X 0 W -
L i W " HY R ~A
v 'H r T v o \ 6 G
V 0 nb VA
v Y
e % L b of o
. 4,\|MU' +CU +R(u) = P] o =
pri N s ADj——m i 5 | |||
e o =
-1, 1
Fig:ll-l Principle“schematic oHybrid Simulation
a T o Z D
a W™ Au =R v v H (10
A T I1"H v "~ ¥y -
G a T Ty # 1 "H v a - oz
H STy %o V Tb i "H v
a ¢ Ty H A
h i [ W
A Y " Y v wF 0
i Fu G Y
0 A
1.2 W
v i No A D
TP W 3 X 7 ay "HNe iR
Hzbi T 7 - A
a r H T 1-2A
r B0 4 "HNe v
Yo <z bv T -
v A ¢ "H " ¥ "HNe 2 r ;
z T i z 7 TP v



UV N I b i by
A Y DU \H T
AN T i "H Noz A

i = ‘ .—. “lllllllllllll-

S = ‘ .—. “|||||||||||||:

(@) o————0 PFEEEFFrrTEE

(5N (2 [\ R

reR i A el e 2 e o
a) A b) c) d H
a) Prototype structure b) Floor shear model  ¢) Sticks model d) Continuum FE
1-2 [

Fig. 1-2 Prototype and computational models of frame structure

121 N O

i "H H Ne A o ¥
Y"H ° ¢ NewH * T Ne 11+
I/ Noz i A
1.21.1 X
T X 7 0 /I 1 "H r
1 @ @ Y . . i A
T Y Now °
[12) i T " Y New y
v 1-3A 1 Y H Ne A
T @ 1 'H ; @ Y "HNeo#
b i o 1 "HA @
t 6N Y 'H: H A1965 Clough ™ %= Ne
1 - A H @ ) T TV
s e i . A1976 Takizawa
72 @ D" 1-3a) ° M -
Moo A 1999 Filippou ™9 ¥ =, n
Ne ) a Ne a <® @ Y 'H Ne ~
A ey z 4z P b Tz A



3 \ b
@b © 1°% "
AN 7 r._._.’\lf._(a)
AT (b)
1 "H ’_f...--------('C)""""'T """ . y Y °H i .
| \
a) a)y
a) Parallel components model a) Series components model
1-3 H T
Fig. 1-3 Two types oftoncentrateglasticity models .
T2y Y pb @ Y ;
b # b A e\ 1 "H
H A 1967 Gibersoi'® F 3, 1-3b) y A W e
i H - I 9
A Y
A Powelld 7 ¥ =37 H v Q H
Z a H @ N [ @
b A Liew [8 ¥ 3 T
L 0 [ n t Y
T 1 £ 19 ¥ 2, @
a o €«®f | yi Ne v YR T fEH T Nez
T 1™ Hay -
e T Ta 1.2.27 A T
n G Al N a b
¥ T A2 X
b v FO b A
1.21.2 4
Ne "H ) b A X ) C
X - L pz ¢ Ne [ Y "Hi
T i1 "H A ¥ " " New Ne
i [2013 No [21] [22] y "H A
* Ne Y New 6B i "H cz 1'H PIAR vy
Ko Ne A
~ 1 6B 1 'H G P 1 "H Displacement Based Element,
DBE" t L PAA AR p Y"H B v i
‘Hp P ' # i i Pz



L

’ # ) L Ne z Y "Hi
A B i "H Y6 i\ "Hp B W
) " Wae b 7%Ne @Y H TP
Y v A
"2 6z V'H G z Y "H Force Based Element, FBE
Lo BEA e b Y'H z v 1 Hp z
T = z1 b z
o1 £ 1 A ) o 1
Ne ( v n L o 1 Ae 6z Y"H
@ b [ v 0 ‘ 7 D T
v A
YiirH O YH L TT [ il H @
IV G - i [ 0z
! AT W~ 7Ne A i ¥ (i
i z ® 1 ° Ne | 0z
A” ¢ - 1.2.71 A
1.2.2
ypzbi A
¥ HT® b i Pz H
[ P A
- "y New A &)
Hzbi T i b "
RambergOsgood  ?7a Boucwen  [28294
p b b z A f a3 [30] 3 {
a0 a A A
v i "H " Ng: ' 6 B
G G A 3@
A
1221
) ¥ z Ne b B Ne T
- Tz - B 7 " 4z v 7 A Ty o
. T ) zbi1 7 b z W Db

-

Ld

>



Y A »p G T A
-1 )| G N W ¥
i ATaucer v 6 T T @
ok [ Albrarra BY F 3,0 e
t _a “ 4 lbrarraKrawinklef K~
A Lignos B4 K k -~ a ~  Fa
b ) L sy T A
~r Z N\ Ne b -
a At T- f A Takizawa 1*3
¢ T W ¥ [W 7 F= o {
7 Z A
1.22.2
¥ tpz° g " b )
i ~ T A ¢ 1 'H - v G
i "H z - - A h G Ne i "HA
S i D wh” z71 b
i Ty Y - - z- 1
v A (349 5, - v
d RambergOsgood al I I a v Clough
as% 1 Park A
o NP zZ Ne “
a Al T~ i A 33
G } t Mroz tT W s t [
LT F R i - z A
1.22.3
F 3 zb 17 A 6 Y
N b G T 2 T 7 G
) z 1 A
R () 1943 ~ Ramberg ® F a2
a z - 1 * 4 RambergOsgood A 1962 ~ Penizef® ¥ 331 W
G i z - W i A
1973 ~ Menegotto B7 [ = MegegottePinto | OpenSEES
pT | A 0 3
[38—41]A



S22 "6 o i b N ¥ 1964
Sinha [*2 0 vy y YO Fvy Az W
0 z- 17 A6 0 * Soliman(196 7%
lyengar (1970f*4 =, ¢ B ' 1972  Kent  Park®
¥ KentPark = | Au i 0
* Scott(1982Y Dilger(1984)*™ Soroushian(1986¥Nez ¥ =
A 1988 Mander 9 ¥ [ = A
1.3
(Hybrid Testing) i "oz (Pseudedyamic Testing )
- v Tz T
A 40 ¢ b A T° P A = 0 =3y
Al &t 0 Pt T 7
A
0 - Y ao 2@ -
3 7sNeh W ¥ 75 No A
W o " 20p 70 A 80 AT ~A1969
Hakuno % F "oz At by
b - T 1 A1974
Takanashi ®Y o 0 v 6
T Ne t oz A
F a A T b h T
Takanashi %2 W "z b A=
’ Mahin ©®3 - z B A
H ' 0 ~ 20 80 AT 90 n ~
Y "z W A 1 a a
o z W F
“ z (54} _ [ L A y
v .
M) +Cu(t) R () R(t) Pé&) (1-1)
i T z New v  NeR,(t) NeR(t) A
~ 2 b 4 %0 ¥ )
i ) Tz A T® H
p F | T OAw T W F



3 \‘
55]
Z [

Y A N Ty "
Mu(t)+Cu(t) R, () R uuu) P&) (1-2)
i T z R. 4B ua u v i 2 7 4 R(uu,)A
o ~ 215 A ~A215 Y
F - H @ V. Ty b
v v \ o [
R Y i D" T T
o6 BIA
C 0 N @’ A N
vi'™H 22 v Ne ::7 bp
TF | A 3 Ly i [pC
L ) L A& T \
b H b T w7 D
A & 1.2 W 2@ A
131 w 4
" v i v (1-1)
(1-2) Ari T P Aw ~
Mu; +Cu; R ) B (1-3)
I T° M C Nezw " Ry Dz * Pu
ud u UNezwbB 3 Y A
v Ne y i A T 6T
BA A Ne T~ "B A ¥ - W
P77 ¥y New ’ W
z "7 Y New 9 ) A
Ne THoea@ v A Ne
T A A v Ne b 3
A Ty - ~ i3 No H @ Vv
A
1311 4 4
0 o “ Ne Y Now E aNewmark
! a aa | ar | [59.601 7
S G B W H NeA’
_8-



61 park 3 A7 g

Ne ~ t 7 GearH ~ Houbolt
! CaT Ne T W T
No w b ) © GearH Houbolt Park )
R : " [59.60]
G b gHeO 0

= 27 Newmark !
a Fox-Goodwin

(631 A 5 . Y a y
Newmark Ai T~ Y W ) i tiraevw B
A " 1 WH fb Vv A
3 i (n+g)dt (g2 L ) i
Wilson-g ~  ¢21.37 ) FH A
[271 a ~ "y ) 1 R Y
v Ap W A
4 oa : T ~a a Newmark
v A & ar - t T° b HHT-a (4854 &
ar - T° b WBZ-a [®9A Chung Hulberf®?
W v H-a A “ruil 0% y-a
(681 A H ) “F g9 V A
S5 (65,79 P 3 iz B
- Ne o W Ab HHT-a 3 -
a r H a ) n v Al n
vz v [z Nol"9A S LT
Ne A
6, - V) n -
Y Hughes Liu ¥ ["t73 i AHugé™ New
H Ne v “ No ) No3t
A T 10 A
1312 ° WA
A No T° T No i i
HHT-a AN HooT v Ne "y
L A
63 a b g 1 w Ne

~ 1 Newmark-b!

B v (1-5) (1-6)A H=025 g=05

* b=112 g=05u
Ne A

\ T b=1/6 g=05 wu \

Fox-Goodwin =~ b=0 g=05 vy Newmark 34T



E

(1-4)A

dn+1 = dn + [an + (05' b)[xzan + b[xzaml
Vn+l :Vn + [1(1- g)an + u@nﬂ

O ~ Newmarkhb
@ Y oz Y 0
ma1+1 + CVn+1 + kq1+1 = fn+1
Newmark | T W'

v

1-1. Newmark |
Table X1 Numerical properties of weknow members of Newmark family

[59,60] 1-2

v

>
—<
<!

(1-4)
(1-5)
(1-6)

b

g D
v 1/4 1/2 D H
v 1/6 1/2 W, =2/3°35 Ho
Fox-Goodwin 1/12 1/2 W, = J60 24
Newmark 0 1/2 W, =2 H
~ 2" HHT-a (6485 Newmark b Y T e
a af - z b z b - L
A Y g- a- - vl Vv
z A Tb6 g a_ ° a’ ) a W
Yi n v AY ¥ a N y o -
(1-1)A
ma,,; +(+a)ey,, - acy, +(1+a)kd,, - akd, =(L+a)f,,, - af, (1-7)
d,., =d, +Dtv, +(05- H)Dt*a, + bDt°a,,, (1-8)
Vo =V, *DXA- g)a, + DA, (1-9)
i T' b=@-4/4, go5 -
HHT-a pwal[4/30 i [
Ly G bi’'vr w A
1327 +
v L v - ) @
) - ) [ f A
1321+ 7 +
"e6b” D L~ a2 ' L
a L b b b eb A v A
ST L Phillips [ LQG b " ("

-10-



TOFRW G 42 LA L L
P &” i L AGad™ U Ha
T b° L-p w 6 b- A
[77] b - - Ho L ~ LQG” L
b A vo U0 = A
s L Wagg @ L ~ MCS”
| T v ANeild "™ % k
a L~ MRAC" L P~
A [80] B - L L
b o L PID A
1.3.2.2 b +
) B \ V4 Toow b-o
L Lz L) Y I p
P L zbtB8 ® LA
S 1P L Nakata 2 ¥z t B . L v

ay b p z L by zp¢ B L
a) Externaldisplacemeninternal force contrcb) External force internadisplacementontrol
1-4z L8 L

Fig. 1-4 Schematic diagrams of mixddrce-displacement control
S 2 zbB ® L Pan 8  ztB ® L

v pi 4 z L B L A Kim
(86l g L "4z Lt L L
A H v oo B B b- B
L~ 1 b " zbB . LA 87 ¥ =, G B i
L B L v o b ey ) b

-11-



@ b- p W D A Y
A 5 7 h T Ne T
é A
"6 Ne ~ Horiuchi [ Fp- G :
Y v i 0 AMercan PBINe =,
i F oo #
A e DO T e’ - 7
¥ X 3 E A
ST T Darby [°4 0 t i W
b v F T A wallace 2 ¥ %
G |- T ) F @&
A Ahmadizadeh °3
T i b @w H “p Ty
A (o4 H & T - {
A
e é Horiuchi [°® B
no b~ B DK 1 B 23 Wy
- £’ A Carrion [°9% - a 1
a ~ N FW G b-
é APhillips P15 = 6 [ ¥ L é
4 e b £ g AChen ™ G
D P z i é Ty B z e
o »f @ Awu ¥ F3,% G ‘
n B é - v
" nebo é A
1.3.3
r A N @ No’
# \ A
TRV ® \ v A3 b A ¥
[ NEES 7sa Bl La
K~ M Bk T 3, E-Defense (
ED-net@ ey 0 7" KOCED™ 1993

-12-



vl G ¢€ L ; = 3 HQH-NSER \
A v a H 3 0 NEES 3
UK-NEES NZNEES NEES A
13.3.1 ~od
W TP 0 2 o B =
T 3 @1 © A
Kwon [ g MATLAB 0 v
p Ul-SimCof l HHT-a v Ne (I T
- A Takahash %2 ¢ \ © FUa
G Ne - ) . Schellenbeg'**?
0 L OpenFrecA
Xiao [194109 & vB 0 = \ p NetSlab p h
G \ LYy i LT ab H
D APan [ ¥ g Ne P2P i
N oz 0 [ i 3| \
A Wu G C++ 0 " HyTest | TA
13.3.2 h
) 0~ B = | i
) A
Eatherton %7 Ji [9%8Noz ¢ Ui-SimCor 0
v, v JVH A (109 _ (110 Nz
a  OpenSEES Abaqus ‘H b OpenFresco MTS FlextestGT
H~ " A 8 [ (112113 3, OpenFresco
Noz dSPACE LabViewb v H A
[114 (1%  NetSlab =
\ v v, -7 A wang M1 pop
Y, Ne ~ ‘H b b - o
Y ’ VH Ne - U
) p " b A
1.4 (I
~ ¥ Yy
Ax T W @ ~3 A
I7|, &) r a T A

-13-


http://baike.baidu.com/view/76167.htm
http://baike.baidu.com/view/76167.htm

14.1 A
W l LW r A
A7 6 © 1962 L.A. ZadeH™? F W e
H™ - ¥ IR ) T Weaeb
E A 1978 L. Ljung*?¥ ¥ ) Y
%01 ' W %ot W T W
A
Ne A1 £ 7 Now
T ¥ Neoy
~3 7Y New A4
ey 7Y New o No Al T T
W -7  Ne T R o
A . v v
wa T A
H W Ne
a A " 6o Ne a a L @
A
14.1.1 A
L. Ljung § ¥ = # A s T
- " %o? w AW 1-5
1A
S 1 A G S, W @ MA ~ou)g”
S F oy () M F oy (HA ¥
¥ %o ¢ Yt M~ Y 9 SA ¥
¥ %o 1 1k 1Y/ a
[ Fb ¥ %o 1 L e 9
MA
Y WWen, A W " %ot P -
n 1 - pA # ~ -
a T " %ot P " a uwn 1T T a O0Ov Y
o A
2" ny E %01 Thb H W

-14-



- W a £ A E %o
! 38 %01 P - 1o
I@=4, 1 &) (1-10)
T @11 ey P ° oM fe) = ED;
ey I Iy M [0T: P - W b
I EY W F v H A

u(t)

1-5 A 1-6
Fig. 1-5 Principle of system identification Fig. 1-6 Steps of system identification
14.1.2 Y

s Y w=a v Y "1
) * b) o) & T d) A 6
el 7 ' b A
tr a %o 1 '
“p W 1 - 1-6 A
a) a ) A _ z
A 0 b A
b) A & - H™ ~
il ~ O F - A
C) A ) - 8 -
- e [X A
d) A - F T X z k0
% v Ne - A
e) a T A - F T X [
£ T a Auw=zl L G A
f) Az W ~ % - "
il ; T A

-15-



14.1.3 3
b "7 Now
P ]
y 7 122
b "7 Now
P o
oL
“ " Noy
) - * A, No
rie i
! ’ ne G K v
I 5 0P a7 N
D B A f
[124~ A
r2e i
) b
T AT T 75 ‘
T a T .
A
T,
a Ty A
T B A [126,127]
A
1421 =
T C
“ T a T Aa T
¥ & :
| T A
T %t~ T
T a T 3
A |l|:v e T G
T T “ N h

-16-

\
%
#
A
A
Al
[
Ne ,
b
?
T a
1.4.2
<
k
HeT

>


http://baike.baidu.com/view/3688808.htm
http://baike.baidu.com/view/327406.htm

14.2.1 € XK=
Hé T  (Leastsquare estimation, LSE) T 1795
O F oy DuT %t AW H &
YT b A Ty v T
Y e Ayt H Ty
L e A Yy zT
H & A 0 1-7 A
e T T [~ A 1999 Smyh 128 ¥ 3,
e 6 o & v a Y I
[~ zT v f1"H & A2001 Lin™ F3®
Gl a 2 A W H &
'H G & £V A2004 Yang!®*? ¥
W G e T Ty a i
’ i a # ¥ A 2007 Yand'*!
¥ e T v i
3 a # H v ta i
A
G % LSE~ a a =
b G a # A2011 Zhand*? Bouc-Wen ,
¥ HE O # - Bouc-Wen
is z9 Ne ¢+ [T 6 a
- 3, G BoucWen e O 2" 0 &
£V 2 - ” W A
X =A% By W N
Yo =M Me— 7
I — K,=P;HT(HR'HT +R)}
= fes Bl g =gy, HE)
R =ARLA HQ |lpr=(1 K H)P,
avig e
1-7 e T 0 1-8 \

Fig. 1-7 Development of LSE

1422 1

-17-

Fig. 1-8 Operation of Kalman filter



3 \ b

1960 Kalmad™le F =31 y W %t
(Kalman filter, KF)" KF v - Yo7
ko L F oL
n T | KF 1-8A w =, g KF G
Stanley | QO Fx \ (ExtendedKalman filter,
EKF)A EKF %o\ (Kalman filter, KF) -
KF T LW . A
EKF H a # [ A 1984 -
Hoshiya . 3% EKF G 2 A 3 [
CF W G P ¥ r 9 b EKF
# v af i yii
e’ ¥ A 2002 ~ Zhang 139 EKF #
_ a - by a y n
ey Ne ~ £ Ty G a # A2006
“Yang , ™ F3He 6 - EKF
# a zF 0 H a 1. " o
H Ar a a Benchmark # ¥
A 2010 ~ Fourt*®’ EKF  # 9
a ta -~ b Y1 b
\ a # A
G EKF W @ T W i
b~ T ® A - T Ay Y
Ty # 0 A f7. Y -
EKF 0 W’ A
14.2.2 1
1995 Julier Uhlmann [t F 3, \ (Unscented
Kalman filter, UKF) H @' (146149 yKF v 0
v &Y A UKF '
v oo i (Unscentedransformation, UT) z N\
I - - T AUTT b
) il Wl Sigma 3 T ’
Sigma T v l Sigma
3 P v oA “ [ H A

-18-



* UKF i T z n A
2007 Wu 1% UKF _ T a
# - v EKF  UKF # A " b EKF
* UKF a £t v A2008
wu % UKF # . a a
UKF i # - T a
# A2013 1 [™3Nez EKF UKF # <«®
a - E H A 2014 Astroza [*%3
UKF # Ne I1"H T a “o
7 - a zF A
k- # # a
AChatzi _ 114 UKF # Tasbihgoo #
a - oz £ 0 v ey W | & BoucWen
v ¥ a # %o 1 ‘
E %! A Sond™*™9 ¢ UKF i
ey a £ a £ v -
ey W b v ey
A
1.5 X
b NV pw -~ A
Y6 L~ {9 )
. 2 Ne o 7 A 6 a
X " b v nH 3 A
TREY Y "HNe# - #
[ a v T ) a -
AN W /I [
0 A
151 A
"6 D T r 7s Now
v ' T v I b
3 “ Now ~ Vv b v Ny 1-9A

-19-



uE
@) >
O N f
Ug v
v @ " v &
Ne A
) \
A @ uNl‘ v ¢ E_'x
o ) ’ 4
RNl
k=k 4 Uy, R 1 k>N ?
A @l 5 ¥ =
)
1-9
Fig. 1-9 Framework of online model updating hybrid simulation
) v v Th 3 D
" - 3 ~ Y
Py i b ¥ A v " Y "HNez
H ~ i a A
b v v T6b b )
b T i a '’ G bbb b
3b7 i a A

1-10
Fig. 1-10 Schematic diagram of hybrid simulation with model updating

-20-



G - Db Y Ne ywT "y v
¥ 4 HG A - 1-9° ¢
Y Ha CTW # v Ty
a A
# ) 1-9T 7 Ve ®© a
n A o ~ ~ v
v " v l A T
v - B b1 9 n Ad n
# i LA H b v
[ TOFW g a A g ok [
UKF 7 wi i A
o ) 1-9T -1 [ a )
W bt G a I y A
‘ a ’ v Y -
v a b i a 2 A 5
ro ) - ©oa P A
e . 198 N T W
AN B u. 0 1 z RA v
B ug 1l Zz R U # , o W T A -
P Uy T ¥ a 0 ) \' ¥pz
RuA i B Uy 0 b v Fpz R,A
i ™ A - z v©
Ty A 1-10y wo o Fa
A
15.2 i
\ P ¥ L0 Ry
A 12 v i A
2005 ~ YangWJ %71 & T 6
IF 3 y4 -
v z A H <@ o)
i v z %  Av
Tt Lai 6 A

-21-



Yang YS [1%81%9 5, ¥ T
i n. Neldeii Mead Simplex Method (NM) #
z a - Vv a A
OpenSeesNavigatore vo ° ey h A
2010 © &  uUkfr e 16 2 i
BoucWen z a - 3
z" V O 3 UKFa H € #
"z T A
G vW L, * 2011 [161]
Y Y Y6 zB8 T - H &
# X i a - H { a -
g A A2012 2013 ~ 6 UKF S
. A @1 162183y - f - - Y
“Yi TVe W P 3 We n - 0
p z-B 7 UKF £1 ¢ 7 Vv t A
r Doty H U . Ty u
D~ Bouc-Wen a T# z -B N
UKF # BoucWen & a A
[165.166 UKF i Tk UTi Sigam ¥
JW e UKF  ~ [ T 0
i A" 6 - i
\ [16ﬂA
2013 © Kwon %8 ¥ § @ Y, W ef b
a v X v Nv -~ H P
n v T ) 0
v v L ) A
2014 ~ Hashemi [1%9 v E v a
} P At vy i o
Y i UKF # y -
BoucWen a Y Bouc-Wen a
A
2014 ,Elanwar [79@ 3 G D - Tk
v T a i # "



a A 0 He VO D~ v G
Ap . T z b
- 3 F 2 A
1-2 76
Table1-2 Satisticsof literatures on model updating hybrid simulation up to noy
b "(A’ v )
Vv
G
Zhang™®?  y W BouC-Wen &  JdSPACE
[161] ¥ -MTS
(163167 H / UKF/ dSPACE
Wu [163 BouC-Wen  CUKF -FTS/IMTS
Yong YS W @ + i OpenSees
et all*%? Navigator
Kwon i H DBE+ Ul-Simcor
et all*%® Steel02
Hashemi R U BouC-Wen UKF OpenFresco
et al*®?
Elanwar 1 H u D Ul-Simcor
et all*™®
T 2014 10 A
161 0 Y
G 2 iz 1L
n . b { D No
i =~ 51161120360LA
yrI 3 Ly A Ne
P T He T W
Y Y i b TF
) i Al v )
Lv b T Vo X
v n - @ T \ o . no
VA | v W
A 2 a _ 7 A
T S - - Y
(72 @ A by
Y H ‘| b Ai -



3 \
- | "Hi Ny #
a v \%; T
) G ‘H b
Ty i r
1-11 A
W I I
o —> . HoL

.l 1

2] |

. o ¢ o C o C D

1-11 p

Fig. 1-:11 Framework of hybrid simulation with model updating

—_I3

A 2 Z
zb o6 T
At v F
A
o 3
H b i
N Ne UKF a T
v o 0 A
-3 4 G )
W @
"H p 2 ’
i ¥ 0
T 5
No
([ '
A

-24-

b

—_Ig



2 -
2.1
VY vy 'H )
- 1 "H v 0 Fa A
- Y'H 2@ ' B A
(841711737 g h T { HT® H o h
G Ne i\ "HT A 2 T |
L - v Ti z A
F - +H ¥ | S
Iz - - L™ A i
Ne [ a M b Z i
[171]A
W z b . b L 3, W @ i A
Nigant*’J#a Morris!*¥  werd*@ ¥ 1y "H Ne
ApPowell 1@ ¢ ¢ Faulae y A Whitel*"?
a Fo S ST P i "H
Y "H e’ " Chan ¥ FlWa c | H
n i £Y Y"HA ~ 5 ¥ T
bi' u [ g i v
_ ' EIMandooh [y 3, i zn
0 DT L €4® ” @ oWt ey
- e €4® A~ Biglari®® ¢
¥ i "H  Bleyef*®? T s A
P ’ T T X w ) T
1) 3 A Drain2D*®IT ¢
7 X - G T A
Y zb b - I b N FuW
@ G i "H Ap N @ " zb
’ G 1 £ ’
v No ! z "z No D
Av - 7 G v

-25-



p i Y [ i
2.2 Ff
Ne T~ e L £
Morris 83 ¥ b T 7 Orbisor*&?
FuWa \ E * Duan 181 ¥ =3, ¥
1 E a N o ¥
u - H v b p [
2.2.1 i
T (GB 500172003}**% 9.2.3
@ h b A ) v z i "
Ngoiz - M 40
Ny MP
Nooiz - N 2OM
N, N, 23M,
T T NI z N=f, & fu "
M, | M, =f, B Wy A
~ AISC-360-10" %99
eb E ~ Hil-la H1-1b~ z i Ty
Noogz - N M ¢
Ny 2/ Ny /bMp
Napge - N 8M .0
N, I N, 94M,
i T i 0114 © j =0.90
jol 1 * j =0.90A
5 \{w p Z
G I 1 b ' - Ne P No
2.2.2 i
Chan Chui®l % = }
i X z" Vo Ne Ay H

h 3 W @

=

(2-1)

(2-2)



0 hUhy™ i1 g b z 0
AN
10 RN T GB 500172003 A =b 3
AISC-360-10 N
- I | f, -
1 <
=kl M NS
1 clélt A > 77777 >l ﬁ
2a+f — — — — — 2.7a S » 2
02 e <
MZ \ f - e
Y Mo v A h
09 10
2-1 T 2-2 H 1 Pz Ne
Fig.2-1 Yielding surface obtained usin Fig. 2-2 H-Section and internal force analys
modelspublished in thditerature.
Ny=Afy £2a lBAvfy (2.3
Mp:Wpfy 2A fyh/2 2 0354, f/hl/ /4 &° 0.26)A ;f
Z TN ASY 1T fyu z" - T p-
z p Noz 1} 1192
N=1-2 hI;Nf R Awfy
2-4
M, Af(h -1) (h t){,vf/(l ht/h}h(aoh)l-//@gf (2-4)
Yicw T oA 17 z N M E
2 2
2arli Moy (2-5)
da+l N,y M
Z TONG AWy 1T fyu Z v T v
) Z. M T E
da+l M (2-6)
N “22a+I M,
[ H P Ty Y
2 2
Pl v W ot
i a
F(N,M) =1 v ’ (2-7)
T\N\; 4a +T N
IN, 2a+) M, 7 N, 2a+
W 3 1 (2-7) Ne " T w (2-5) (2-6)

M w z, P

-27-



3 \ e
» ~ 2 2
?Mp(l- 2a+1 85)7 N < 1
i 4aa+1 N2V N, 224
M, =] N (2-8)
12(23+1)dmp(1 u)’ N 2
b da+T N, N, 2ad
M Z No=rN, i Noz u
~ 2 2 M
Mi(N,) = M 2a+1T %}L\I0 22a+1 M,
"4a+1 NN, 4a#d N, 29)
" ]
vy = A2+ p2a+l M,
4a+1 " N, 4ad N,
MJ(NO) =M a(No)A’ ) (2‘7) P Neo ) ) )
BG N A
2.3 MYFEFf D i
2.3.1 i Z
H 1 'H W pzu' =[x (Mx ™1 T NRu
z- M(X A T uw' eX=[g® R T T e(u
z 1 c(X) Av =z A X
S 7 | Ly T W b T
| 6T A 3 l Euler-Bernoulli
i x - ¥ « i <« zA
~ 2 H 0 C
n X oz [ gl 5
T L [N A
T3, [ B J, ° " h G %
i - X J, 3 ¢ gy z( zi ) H
[ [ - T J, [ pz TA
232  F 5
S YEf O T Pz , i Ne
- F H 5 a
ds=k, (de de) (2-10)

-28-



eEA 0O .
="€0 El = A |
A
~r Ty w  Drucker'E - c T - i
o A
de®=d/ & (2-11)
G= ju/ s ,d/ i :
2.33T A
3 S . %ot 2 P 4
T f tA e 7 4 b i
dF, =hk . @° (2-12)
i T hil h=b/(L by bu T | A
G T V4 b i \'
dF, =hk,, | (2-13)
i T hil _ h=b/@ -by bu { A
4 f oy %t Yoo W 70
¥ q " T o [ O
p A
6G@s B ¥
Jj (8 F,F)=0 \’(ic; @ T f (2-14)
lGas o v
2.3.3 i
tT® (2-7) P k vy
BTN Rt MRl g ol N L
_ 7 da+1 F2 Fou F. 2a+4
AL S \ (2-15)
i F . "2a+y) F * 1 0= E, 2_a]2:1
I yN yM yN
i T Fu.F,l i bz F(€)=[Fy,Fyul" ¥ ohk, €
Fo P | bz F(@)=[FnFul" o ehkQ e
cipoy i ‘' ¢=0 * _ “ ¢c=1 ., . A
z e 7y T A 6 (210 wu

-29.



ey Dz ds’ ) i de’
W p A
W P~ Y - bz A
Ty
j(sF,F)=0, j(s+dsFk #F,F, dF) C
, W oa W oaese Mt o s
y &=y & 2y o o =6
bs 3 TR
(2-10)a (2-12)a (2-13) (2-11)9 "~  (2-17)
G'@&, (@ d-G)A /GG G h GG @
G =4/ Rl G,= i/l RA
d/ f i Ty n'
d/ =L/H
L ¥ %0t P
L=G'k_ @&
H W @
H:GTkseG - hk G-;.k sg'; hjeTEOgé
(2-197 ~  (2-11) i 0" (2-10)
Pz ds” Y Y
ds= (K, K,) 0O kz, de
kol 1 t Ko =Ko @G k O/ H’
Kool t v ® A
2.4 F i 4
G Ne 1 "HT Ne - 2-3p z
M y i N z ™ ¥ v
= VTE T I dk A
2.4.1
a9 T j j+1 i
j j+1 [ Pz

-30-

C

,,a
b3

(2-16)

(2-17)

(2-18)

(2-19)

(2-20)

(2-21)

(2-22)

A .‘l. T

<>

>



-31-

2 Z
 h m[lgs].
(1) Yk Ke Pz v
ey bz~ 3T B A
5=k, GB (2-23)
Mg =1 s 4w (2-24)
(2) 1 “H Wae Ne ~ 7 Pz
et - P jSIRIETT v Istart 0
(194 iigtateA
IState=0 A W ‘
Sa 7 MR JE¢0,r 3w ‘o I"State=0 r=1
S N A SR = o IS S R " ' o MState=T F
2-3"A J 's+rgs'F,'F =0 Taylor G W
) ls+ram'FE =S BIE +(n/ g om (2-25)
s D (2-26)
=LE’JFV- (2-26)
(W / 8, o
IState=1 A Y ‘
Sa 7 Me™UIE JE¢0,r | (" * 9 "Gtate=0 r=1;
b 7 MS™UR, E -0t T ‘o I"State=1 r=0A
(3) Y i qe Pz a5
=7 "k, @e dd) ros :ﬁkse (e &) (227
| o ea
O, =rgs (2-28)
(I pz
qszzﬁf;zkse @e de) (2-29)
Pz OB=03, 45,
(4) i H pza T a pza Pz
1 k A
s sigs (2-30)
MeP=! &4’ (2-31)



3 \ e

j+lFa = jFa -h<kse éy (2-32)
ME =R, Hk, | @) (2-33)
J'ﬂkst :(kse k sr) k:se (2_34)
23 pg bpz
Fig. 2-3 The schematimf force space and fordeajectory
2.4.2 i |
H T gg=0 g’ Pz s,
(2-29)° G Ne ® ) 2-3" A
[ 1€ ¥
.=, ke e d¢) ks (@®,00) (2-35)
T ge,=( +)geA
w222 HoT qe © p 7 s, 4
05, = (ke k) 0B kg qe, (2-36)
Tkeupz o ! A
[ 2€
(2-36)T  Kgp 2-3T C ® ¢+ ° Hogs, C ®
1 6 €°  Mg( D) H Ay
i " a 'Ms( E) it A
k 7 bz vWak
ds=a O (2-37)

-32-



Z
i T a We D Y ) k Pz !
[
J M+ &R, F = /7S a OFF =0 (2-38)
We’ 6 a “a Yy ¥ v A
W ' - G W . aA
) SRR
= 2-39
GG (2-39)
S p 3z
Ms=l*s+a G (2-40)
2-3 Pz T OA i pzls AB
pz v gsA  AC | L I
s, CD [ pz s, A OE
j+1 pz s
25 wH }
"IV 2.3 ¥ N No# Y W o
v Z Ne ~ y Y D t oz Ne A
251 F d }
Y H Y 3w ) : 2-47 1 “
Q235 W WA25050 ~ 4 P/N,=058A ¥
2-5 B D~ z Ne A
2511 F 4
" wWe 6z V'H “ ‘H GaussLobatto
Ng 5@ Ne ~ ¥ 'H w 10°A ‘
" _ - b * FiberKinH/IsoH™ ©
" b SectionKinH/IsoH™ W b=0.03A i
" 75 Ne 2-1" a ~ Ty
G A - 3, 3 Clough T

i "HE8T B @

§ H A~
( b HingeKinH)A

-33-



P=1000kN
C— WH2508 25( e
° 2 tf =12mm ] — i ........ L ........ i .................................... 41000
( @ 3 t,=6mm i = 5 A
. 27 :' .......
. / £ —~ 18 /\ l \ -
-] H% E o A\ [\ ]2
A A i ok
LJ = 250mm o g4
o S AA 18 Vo \/ \]
27 v.oo\/
' Q235 V
Ay f, =235MPa 45 1-1000
N, =1728.7kN 011 31 51 71 91 111 131 151 171
1 \ 4 g - % 1)
m—» —~ M, =185.8kN @
X
2-4 z Ne 2-5 b B D
Fig. 2-4 Static cycleanalysis ofa Fig. 2-5 Vertical load and arizontal
cantilever column displacementommands athe top node
2-1 H 78 Ne
Table 2-1 Fiber division schemeof H-Sectionsteel
N N
WA250! 250
tw bf tf
~onf” 10 1 1 2
N ~ & ~ NewtonRophson, NR 9~ 10%
Y - B (N-R 9~ 10°%) ¥ B
Ne G = W A No MATLAB
’ - ' 3 OpenSEEST noninearBeamColum
i "HaWsection Hardening! L Ne A
25.1.2 W 8
"G N 26 F i <z b B
l 5 G 513 - B 5 2_7 -
z b i bz 2-8 - a
pza Z 2-9 A
26T" . ~ SectionKinH/IsoH”
rlb OpenSEEST !
(Fiber-KinH/IsoH) ) B T
Hinge-KinH~ b |FH # - ¥
P i A



2 Z
30, Hinge-KinH 30 — Section-IsoH 1F _ ]
— Section-KinH i/ Y Fiber-IsoH — I,
~ ol Fiber-KinH y S E ~ 20 / /{4 7
10 b/ e = 10 ya / Ay,
- S S - W74V
N 0 / / / e ~N 0 g / J/ 7
/74y Sy 4V
10 ':.' > & /. o 10 4 J //
A TS /e
=20 < s = 4 :// (‘: B 20 4 / /7 /,"
0 /z—' ...... j / L" ——//
- yA——— -30 -
-45 27 -18 -9 0 9 18 27 45 -4{5 27 -18 9 0 9 18 27 45
B ( mm) s ( mm)
a) . b) :
a) Kinematic hardening b) Isotropic hardening
2-6 <4z b u i
Fig. 2-6 The curve of base shear force with respedbolateraldisplacement
27T [
i A G %ob If Y
Y %0 Y N Y %oA %0 E
* 6 H T " H i s M
) 2-6"A Ty 0
A
= Section-KinH 0.6 — Section-IsoH
0. ----- Fiber-KinH = 7 - Fiber-IsoH - ===
0.4 II /A ey S/ S o4 VA v ;/
s / i / "//'/ Y ///"// / /
= 0.2 ,' g7 . Ay 7
\Z/ /l /Il ,I/ /C/ ~ II, /l III //
0 /I /, 7 0 ,’I I’I /',
-0.2 A b ia -0.2 A 7
0.4 // / /}/ 0.4 "I/// / /
z,’l B /- ! - / // 4 = //
0.6 08 _,:':// ooeooo/
-0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015
(rad/m) (rad/ m)
a) ~ . b) :
a) Kinematic hardening b) Isotropic hardening
2-7 - i
Fig. 2-7 Momentcurvature relation of the bottom section
2-7 2-8" ¥ * , v
zb . b "4 6 z h 4 v 0.58"
W n 055 =~ A

-35-



3 \ B
1 HL INM T bpz
2000 7| = vs 200 b seon i ——p vS
1500 b E e, YS( 141 ) 1500 PR A NG YS( 141 )
o ,\\\ YS( 161 ) — S, Ys( 161 )
100 L N i 100 S
€ s00 / \ — 500 / \
N0 / . \ ~ ol / ¥
“500F—— S // -500 \\ P =
-100 Tﬁ? < -100 N T
-150 RN / . -150 \ / .
- PlZ4 1 - \\ /-'/ ~ plze 1 - ~ ) ~ \‘\ "/ . P2 ~
-200 h -200 141 N 161
-200 100 0 100 200 -200 100 0 100 200
(kN.m) (kN. m)
a) - . b) :
a) Kinematichardening b) Isotropic hardening
2-8 Ne Pz b
Fig. 2-8 Internal force path and yieklrfaceof the bottomintegrationsection
2-8 a) 2-9 a) -~ ¥ [ "
[ pz Fy Fuv ¥ 2-9d
0 ©( 2-8a)A 2-8 b) 2-9 b5 i ¥
| ( P Z I:yN I:yM
v° 2.9 b 0 ( 2-8b)A
= 100 —— Section—==- Fiber ‘E 100 —— Section===-Fiber
% 0 /\ Vi £\ 2 o fz\ f yi \\
S 100 " A S -100
0 20 40 60 80 100 120 140 160 0O 20 40 60 80 100 120 140 160
0 R A e 20000~ T ¢
- -100 1 1 ........ Z (kN)
WS 200 e 2 (N B0
3000 20 40 60 80 100 120 140 160 220 20 40 60 80 100 120 140 160
5 F F F F e ¥ F F -
= I N A S 2 00 = (kNm) e,
o e (Nm)  Gmemed N el SV T WS e ==
/_\10 20 40 60 80 10 120 140 160 — 10 40 60 80 100 120 140 160
- v 1 — F F T F
8o [N NNTJTL S 1 1
0 200 40 60 80 100 120 140 160 0 200 40 60 80 100 120 140 160
v (1) v (1)
a) . b) ,
a) Kinematic hardening b) Isotropic hardening
2-9 Ne a pza Z

Y

Fig. 2-9 Time history of Moment, back forces, yield force and the stéte
the bottomintegrationsection

29T~
" " H A Ne b
Z Z A
"G N 2-2 G 0
ey A W MATLAB~ V. \Y ,h 28

-36-



2 z

GHz, p 2.0 GB 2t A 2-27
W 20% L 40y A

2-2
Table2-2 Time consumption comparison of section model and fiber model

' ta(s) ts (S) T otarts” % tes ta

. 5.26 31.55s (MATLAB) 16.7% 5.99
4.95 27.73s (MATLAB) 17.9% 5.60

- MATLAB~ ’ v , h 2.8 GHz, p 2.0 GB.

2527 F 4 }

2521y N " F 4 }
Y y Y 3 v

H 2-10A w =, A
b v, M A : w El Cento (NS,1940)

v w 310galrA

N

P, =800kN P, =800kN
P 20000k m, = 20000kg »
©) 4

TWH 300 20036 1 . )
6E =2.06 310" P2

3

6E =2.06 10" Pa
i f, =275MPa HWH 250 25036 1 | f, =235MPa

'b=0.030 € 2 lb=0.015

:WH 250 - :WH 250

§N, =2022.9kN N N, =1728.7kN
(‘ =Y M, =185.8kN @

| "
M, =217.4kN @ :
1 WMMM 7—2 —
o S 7 s
: |

1
2-10 ¥ 3
Fig. 2-10 The omputing modebf 1 storey 1 bay steel plane frame

a n -

"G Y@ 022 @ " Ha awe
“zb A My 66
L. SH . .3
) 1 "H A i "Hi - 6>6 !
KA 0 z 0.02 T Rayleigh 1989 c=aM+bK,

3.6m

-37-



3 \ b
2-3 H 1
Table 23 Models building information and time consumption
’ # *1: Section " 2: Fiber ' 3: Hinge
NM i +
i "H 1 "H 1 "H Ne ¥ "H
) MATLAB OpenSEES /MATLAB MATLAB
4.701958 22.909445MATLAB) 0.70038%
"G Ne ° & " N-R 9~ 10w
- alphaOperatorSplitting (3OS) Ne — [19% ¢ b
*z Ne A Ne MATLAB ’ -
' 3 OpenSEES] noninearBeamColunh “"Ha Wsection
Hardening! Ne A
2-11 402 | 1 A 2114 T
h 3 B b i
L H A 2-11b)~
<z b B i b 2
L H A i
A
- 250 .
50 ===-Hinge ===-Hinge
—— Section 200) —— sectio
....... Fiber 150 «eeeees Fiber /é
g 30 o '.——-?‘4-": /&
é 1 ',\‘ ,l = 100 i ,/ .
10 At I < 50 A d
e o\ FRVAAR ] NIV 7S £
1o Vit Vo A v P/
™ vy iy SO "/f
y l',' N4 -100 ‘j: ?(;;*‘\ ¢
-50 | ' -200
0 1 2 3 4 5 6 _250—50 -30 -10 0 10 30 50
(s " 3 u (mm)
a) 3 B b) <z b B
a) Time history ohorizontal b) Base shear force vs. lateral
displacement of Nod& displacement
2-11 Y e
Fig. 2-11 Global response of thelay 1-story plane frame structure
2-12[ 2-14 v A G ~ "B G
"W T H T A H ! -7
Pz P h 2-12 2-137 £ G ' B

-38-



250 :
1 —T ¢z _ —A YS
7«*‘ y D I sl AN YS(t=41945)
. ',.' C —~ 150 - I . S('FE 295).
d @/f‘ / z 227N,
~ 05 o 100 =
R/ SR
S g7 ~ 500 e
S :
. 17 1 (7
/7 / " o
/ / -500- 1N
-0.5 / 4 -100 IS
0. 5 J77 / \\\
I 15005, <
1 Section _2000- 1=4.948 -
....... Fiber seo N
-0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05 ) -200 -100 0 100 200
(rad/m) (kN. m)
a) b7 b)pz b
a) Moment ratio vs. section curvature b) Force path and section yield surface
212 ' A " BW I
Fig. 2-12 Local response comparis@t bottom section of left columipetween Case A ansl
250!
1 —L.°* ) —A YS
= ¢7 200 —T g 2 ::T;,el:)n 1 YS(t=4,94s)
_ /jﬁ 7 150 YS(t=514s)
2 o0s .-/ /; 2 100 T N
2 . ~ 500 =l ™.
E - ’!/ \."“
0 0 : e }
/ N 500 & . % '\5
0.5 d -100 S e =
:;,»J N ,f:ff/y
$ " -150 ~
4 snas - . —qué‘ \\r/ N rp—l;‘]z
1 —_— Sgcnon -200 t= <~ = S
....... Flber 250
-0.03 -0.02 -0.01 O 0.01 0.02 0.03 0.04 0.05 -200 -100 0 100 200
(rad/m) (kN. m)
a) b i b) p z b
a) Moment ratio vs. section curvature b) Force path and section yield surface
2-13 ' A " BW 112 1
Fig. 2-13 Local response comparison at bottom section of column 112 between Case /
E 200 = E 200
Z 0 A I\WaAWN FAWAWN Z 0 A\ I\ N\ AN\ A
=3 TNV UV hl | VN =3 NV v J VY
S -200 S 200
0 1 2 3 4 5 6 0 1 2 3 4 5 6
< -700% i i Z -700k N i
< 800 V/\W — /'* A < gook AMVA e L
Z 900 | el ~ A Z -900 ¥ !
a CO 1 2 8 [—— Section®+-+-- Fiber) a CO L 2 8 4 5 6
M ‘ = \ —— Section=+==== Fiber
-0.0% -0.0% ™\ ‘ 1
— _0.0” — O 0 -rnrrrrrrrr&-rrmw‘
~ 0 1 2 3 4 5 6 ~ 0 1 2 3 4 5 6
g1 i g1 F F
o o !
=~ " Section ~ —— Section
0 L 0 L L
0 1 2 3 4 5 6 0 1 2 3 4 5 6
a) No b) ~ No
a) Bottomsection ofthe leftcolumn b) Bottom section othe rightcolumn
2-14 ' A " BW 1111 112 pza i

Fig. 2-14 Time history of force/deformation and state at the bottom section
between Case A and Case B

-39-



3 \ b

-

A H ! a z n . l
5% ' B 1 - 2-14 At 212 2-137 ¢y EFV U
z . b~ 6 z~ T H A4 Ne
#4 0.396 0.467 T z VooF
R i N - i
- bz v~ 0 © At 2147 ¥y ¥
z 1. - - e T ¥
T zb " f " A
6 T ’ MATLAB - W Intel
PentiumlV " h 2.80GHz,p 2.5GB | G 2-3T Ab
' B A 3 40(22.90/4.701)A
W W T z
© b' NMYS-S 7 i N
FIBER-M~ Abp ¢z Y 'H FBE T F Ne
£ We Jae@ GB i " DBFE~ W @ Al T a
7@ GB i "H ’ 2-15 A 1
’ MATLAB - ) ; ’ OpenSEES
A E b 5T ’
Pz Ne A
P, =800kN P, =800kN
m, = 20000kg m, = 20000kg
3 4 s
(11)
(5) (10)
g 0O T WH 300 200x6x12 o 12
@ )
7 Q o 11
) ® 5
6 © ﬂ=‘2h)iH250x250x6x12 KR : Q235 . o 10 ™
N_ =1728.7kN
5 @ .« ' \ Y Q 9
(1) (l . ﬁg Mp =185.8kN-m (6)
i’i. L
1 i Ao o 2
L : 6.0m L
1 7
2-15 G B 1 H
Fig. 2-15 Model puilding ofsteel plane framéy DBE ]
2-16 = E 7 R A @y

-40-



a) DBE 1 or 5 elemats for one column
2-16
Fig. 2-16 Momentcurvature relation of the bottom sectioftheright column

2 z
¥ i “H 1 'H ) V4
" NMYS-S b y "~ FIBER-M~
. J Z Y 6 6z G B i
HOi At 216a) v %° 5@ G B i "H la
G B i "H %o z A 2-16b) y F°
G 5@ 6B 1 H le ¢z 1Y'H ¥
i A
1| —— 1DBE-NMYS-S B . 1] ——1FBE-NMYS-S
=-+:-5DBE-NMYS-S 14 =-+:-5DBE-NMYS-S
- 1DBE-F|BER-M"¢"'4 ; st i ~-a-- 1FBE-FIBER-M f ]
B ol 5DBE-FIBER-M[ el
I ¢ FEf) ¥
= o ol §
/ /"' /' n’i :.
054 1/ ;/ i 1 Y K
: i i
-1 " -1 i
-0.02 -0.01 0 0.01 0.02 -0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02
(rad/ m) (rad/ m)
a) b Y "H N=1b 5 b) 6zb &b Yy "H

b) FBE and DBE(5 elements for ohe colun

b

1 T 7T T 1 F 7T F 1 T~ T 1 T T~ T
Z> 0.5 —— 1DBE-NMYS-S 1ol | =+:=5DBE-NMYS-S || Z —e— 1FBE-NMYS-S 05| -++--5DBE-NMYS-S | |
~ 29 |-e 1DBE-FIBER-M| |77 |- 5DBE-FIBER-M 057 . e ireEFBER-ML T 7T - 5DBE-FIBERM
¥ o o g D o o §
0.5 T 0.5 0.5 ,‘ -0.5
) | AN (I NP
™ 05 0 05 1 -1 05 0 05 ™ 05 0 05 1 -1 -05 0 05 1
! LT ! ! ! [N T 1 T~ 1
o8 | i nan. [°7 | soecrecanl| = 0% | THeles] | oq [+ Tacreenl
=~ - - i - -~ -=+-5DBE-NMYS-S | | A" 5DBE-FIBER-M
N0 ; ‘ ‘ N0 : ] 0 1 * *
| | | | |
-0.5 Lo.5 -0.5 05 .
i i N N N
o5 o0 o5 1M w05 0 05 1 Y05 0 05 1M w05 o0 05 1
I'M I'M /M Y
p p p p
a) GB ¥ "H N=1t 5 b) c6zb G8B 1 "H
a) DBE 1 or 5 elements for one colufmn b) FBE and DBE(5 elements for one colurr
2-17 7 bz b
Fig. 2-17 Internal force path and yield surface of the bottom section ofigfre column
2-17 3 E B 7/ Y 0z° z "
At 217a) v ¥° le GB i "H v
zv z v b b AT 1
n- 1 "Hp B A Y _ 7 5@ G
B i1 "H Waea o° At 2-17b) v E°

-41-



G 5@ cb 1 'H le 6z Y'H ¥
itz A o Y H T 3 - © 6z 9
H I z A
25.2.2 @ N }
yve H ” 2-18  “wo” e
R Y 0 ” 2-18a) A IR
y i A O Y i Y
R a ! b H 2.18b) N b
2-4A

51* P (281) 52 * pr (252 53 * P
gme ex I~

X WH 400 25( g WH 400 25 g
(241) g (142) % (243) %
(ZP 93) @ i1 f P (24) 42 ié pr (242 43 fp;x
4 ‘r,,,E,,,,} s 5 F;gms WH 400 25( @nﬁ% WH 400 25( gnrg
© ! | (131 [ g 132 g e .
| % & 31 f PE (231) 32%%" (232) 33 fp;x i
®—; —— = ] g M WHS0P 3 g WHS0D 30 y o
! l (2| g (12| g (129 g ¥
1 ‘ & : : :
! | 21 L7 B (220) 22% P (222) 23* pe"
B—0 T ] U] M WH 500 300 m" WH 500 30¢ me*
7.2m 7.2m 7.2m & g &
| 8 112)| 8 (113)| 8
Y
o f v
) W 236 =2 !
1 1
a) 1 b) b H
a) Ranform of theprototypesteel frame  b) Dimensions and loads of the plane fram
2-18 H
Fig. 2-18 Plane steel frame structure to be studied
"G - v LT T Ne# w 5ton
10 ton %o LT T Ne# w 10ton 20 tomA”~
G ) ) b T T Ne# w  100kN
200kN %o b T T Noz v 200kN 400kNA
El Centro(1940, NS) i W 0.01s, v
w 310cm/$ y 328 a T Rayleigh
L H - 0.0Z A
"6 il ’ 2-5 i M# 6 P i1 "H
1 A W ' Gz Y 'H z -

-42-



b I Sectiok , H ’ cz Y'H 1 -
b I Fibelr 272 ’ [178 T 1 “H W @
¥ bTI HingetA 22 ’ MATLAB "I T R
' 3  OpenSEES ey Y A H " T~ H
75 No 2-1A |k H ’ { "H g
GaussLobatto  Ne 5@ Ne A
2-4 H i
Table 2-4 The section dimension and featuresaglding H section steel
b - (mm) (A) (12)
d b ty, t; (cm?) (cm®)
WH400 400 400 400 8 14 142.0 45170
WH350 350 350 350 8 12 110.0 26310
WH300; 300 300 300 8 12 94.1 16340
WH500 300 450 300 8 16 133.0 63080
WH400; 250 400 250 8 12 90.1 26130
N oz Ne - o9
4 NewtonRaphson 0 10°A b W oz Ne ~
U-OperatorSplitting!*°® Ne ~ Ne 0§ 0.01s,U0 -1/6
OpenSEES alphaOS T alpha 0 5/6A
2-5 H 7a No
Table 25 Models building iflormation and time consumption
A: Section ' B: Fiber C: Hinge
NM 3 +
i1 H i1 H i1 H 1 H
) MATLAB OpenSEES /MATLAB MATLAB
131.725612 603.739521 (MATLAB) 20.700385
2-19 73 | 1A AN B
L ' BW 1 - 2-19 a) A AN
B 3t ' B v 2-19 bA H e
r 1 b K A ¥
. AT vl b v

-43-



o1 3t G TOF A
o ===-Hinge ] =$--Hinge
100 ﬂ H: :x;lg;. 22 —gegtion ! \ —*—ge(?tion
_ F:max=100.0mm - Fiber ~b\,§\; Fiber
E 50 /\ (\‘ E?S /:‘
% 0 -v/’\V VA % 2 \,_:;y
|
1
100 L e _—
0 1 2 3 4 5 6 7 8 %/0.2 0.4 0.6 0.8 1 1.2
(s) b T %)
a BT b \ B
a) Horizontal displacementdf roof b) Max interstory drift angle of each floor
219 ' AaB CHI el
Fig. 2-19 Global response comparison between Case A, B and C
2-20 2-22 K "W i A ¢
%ob  ~ " Aun } " Bu ™ H '
l7l 111 T 1127 N 3 i b
P ' 5 W - 2-20 a) 2-21afc H Y
¥ ¥ z A
Pz T ' A " BN 111 T 112~
No™ 3t PPz 2-20 b) 2-21 b) H ’ '
T AN pz  Tyi G v
3 H o At 2-20b) % ¥ i
z A
a) b i b) p z b
a) Moment ratio vs. section curvature b) Force path and section yield surface

2-20 ' A T BW 111 [
Fig. 2-20 Local response comparison at bottom section of column 111 between CaséA

-44-



















































































































































































































































































































































