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Abstract 

Hybrid testing, which combines the advantages of numerical computation and 

physical experiment, is an effective method to evaluate the dynamic response of 

structures. It is potential in assessing 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 computational model and rough numerical 

elements, e.g. story shear model and constitutive models 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 substurctrues, e.g. the members 

which undergo nonlinearity but can not be tested experimentally will be represented 

by assumed numerical models. The advantage of substructure hybrid testing will be 

eclipsed if the whole structure is dominated by numerical substructures.   

To reduce the two model errors in hybrid testing, it is necessary to adopt proper 

computational model and refined numerical element. Besides, the measured data of 

experimental substructure can and should be used to identify the parameters of the 

predefined numerical model, then the identified parameters can be used 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 provide technical supports for the two strategies above. 

This study focus on reducing model errors in hybrid testing of frame structures, 

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 axial-flexural interaction is 

proposed for beam-column element. The sectional yield surface of axial force and 

bending moment is formed based on section assembly concept, and the sectional 

constitutive model is built according to the classical plastic theory. Section state 

determination and constitutive relation integration are discussed for the application 

of the sectional constitutive model. A nonlinear finite element software based on 

MATLAB is developed. Numerical simulation show that: the sectional constitutive 

model not only can account for the influence of axial force on the bending capacity, 

but also features with kinematic, isotrophic and mixed hardending. Besices, the 

sectional constitutive model can balance both computation accuracy and efficiency. 

 (2) The parameter identification method of the sectional constitutive model for 

beam-column elements is proposed. A frame column is taken as the system to be 

identified, the nodal displacements and forces 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 the numerical model of the column. UKF is employed 

as identification algorithm in parameter estimation and joint estimation forms. The 

performance of UKF Pure parameter estimate with respect to the initial value and 

noise of the filter are analized. Besides, the identification with and without model 

errors using both Pure parameter estimation and Joint UKF estimation are discussed. 

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

  (3) Hybrid tesing framework with online model updating based on finite element 

software is estimated. The problem associated with two-loop hybrid testing system 

is analized and a simulation platform for hybrid testing system is built. The 

three-loop hybrid testing framework based on finite element is studied, in which the 

communication between MALAB finite element and middle loop dSPACE is 

summarized, besides, 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 shown that the platform of simulation 

and the framework of testing are feasible and effective. 

(4) Hybrid testing of frame structure with and without online modeling updating 

are carried out. Plan steel frames are taken as the target structure and considered as 

bar-system model, the methods for static and dynamic analysis are specified. A full 

scale frame column is designed as the specimen and loaded by three-actuator 

experimental setup, the measurement layout is also introduced. The conventional 

hybrid testing and the hybrid testing with online model updating are conducted. The 

results show that the boundary condiction of a plan column can be realized by 

three-experimental setup, the advantage of conventional hybrid testing is not 

obvious for large scale frame structrues, 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  
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DBẼ ↨ ↓ [24]Ȃ ᾢ≠ ᴆ ᾝ ᵝ ṿ

ᾝῤ ᵝ ̕ ≠ ῏ ῤⱬ
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↨ ̕ ≠ ᴆ └ № ⱬ ᾝ↨

Ȃ ԍᵝ ᾝ ̆ ԍ ᾝῤ ᵝ ᴪ

̆ ̂ѿҩ ᴆ⅞№ ҩ ᾝ̃ ̆ᵖ ᴪ

ⱴ ̆ Ȃ 

̂2̃ ԍⱬ ᾝ    ԍⱬ ᾝ̂Force Based Element, FBẼ

↓ [25,26]Ȃ ᾢ≠ ᴆ ᾝ ⱬ ṿ ᾝῤ ⱬ ̆

̕ ≠ ⱬ Ҍ ⱬ̆

ᵩ ̕ ≠ ᴆ ᵩ

№⌠ ̆ ף └ ᵩ Ȃ ҩ ԍⱬ ᾝ ѿ

ҩ ᴆ ⌠ ̆ ᴏ ᵣ ᴆ ̆ ֟

̆ Ȃ 

ң҉ץ ᾝ ↓ Ҭ̆ ⌠ ̆ ңҩ

̔ῒѿ̆ ԍ ̆ ⌠ ῤⱬ

↨ Ȃῒԋ̆⅞№ ̆ᾢ ₮ ̆

ⱬ ℗ ↨ ̆ №⌠ ῤⱬ ↨

Ȃ῏ԍ ̆ 1.2.2Ҭ ׃ Ȃ 

1.2.2  

׃ ӈῤⱬҍ ῏ Ȃ

ᾝҬ̆ 1 Ҍ ῤⱬ ӊ ̆

⌠ԅ ῤ Ȃ 

̆ ҹ№ץ Ȃ ᾣ

ӈⱬҍ ῏ ̆ῒ↨ ̆ҍ ҹ ̆

Ramberg-Osgood
[27]ȁBoucWen

[28,29]Ȃ

ᴆ Ҍ ᵬ ⱬ Ȃ ȁ҈ [30] ȁ ȁ

҈ ȁ Ȃ  

̆ ᾝ №҈ ̔ ԍ ᴆ ȁ

ԍ ԍ ȂҊ ҈ҩ

Ȃ 

1.2.2.1 ᴌ  

    ᴆ ₮ ⱬ№ ҍ ᵝ № ῏ ̆

- ῏ ̆ ⱬ- ᵝ ῏ ̆◄ⱬ-ᶷ ῏ Ȃ ץ ̆Ӟ

                                                 
1 Ҭ̆ ᴆ ⱬҍ ῏ ᵬ ⱬ ̆ ѿ ᵬ Ȃ  
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ץ Ȃ ᴆ ԍ Ҭ Ȃ  

̂1̃     ԍ ̆ ֲ ᶭ ₮ԅ

ȂTaucer ԅ ԍ Ҭ Ҭ ҩ

̆ ╠ ⌠ ȂIbrarra
[ 31] ₮ԅѿҩ

↨ ȁ ̆ Ibrarra-Krawinkler̂ IK̃

ȂLignos
[32]

IK ḱ ̆ ̆ ₮

ҍ ᴆ ҍ₃ᵥ ῏ Ȃ 

̂2̃     ⱬ № ᵬ ̆

ᶏ ȂῒҬ̆ ȂTakizawa
[33]

ԍ ῖ ѿ ҈ ⌠ԋ ̆ ₮ԅ ₀

Ҋ ⱬ Ȃ 

1.2.2.2  

    ₮ ҉ῤⱬ̂ ⱬ ̃ҍ ̂

̃ ῏ Ȃ ԍ ᾝ - ̆ ԍ

ᾝ ⱬ- - Ȃ Һ ԍ№ ᾝȂ 

̂1̃     ᴆ ҹҺ̆ ⱬ Ҍ

ῒ ץ ̆ῒ ҉ - ̆ ⱬ-

῏ Ȃ [34] ԅ ҉ - ̆

ױ Ramberg-Osgood ȁ ȁ ṿ Clough

ȁ҈ Park Ȃ 

̂2̃     ҉ ῤⱬ№ ᵬ ̆

ᶏ ȂῒҬ̆ Ȃ [35]

ԍ ֜ ꜚ ↕ Mroz ↕̆ ѿ ҈ ↕ ⌠

ԋ ̆ ₮ԅ - ⱬ Ȃ 

1.2.2.3  

₮ԅ ⱬҍ ῏ Ȃ ԍ ץ

̆ Ҍ ԍ ῖ ҈ ̆ ԍ

ⱬ Ȃ 

̂1̃ ( )      1943 R̆amberg ᾢ ₮ԅ ҈

ⱬ- ̆ Ramberg-Osgood Ȃ1962 ̆Penizen
[36] ₮ԅѿ

ԍ ⱬ ̆ ԅ Ȃ

1973 M̆enegotto
[37] ⌠ԅ Megegotto-Pinto ̆ ╠ OpenSEES

ᴆҬ ⌠ Ȃ ԅ
[38-41]Ȃ 
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̂2̃ ₀     ῏ԍ ₀ ᵬ Ҋ ̆1964

Sinha
[42] ₀ ԅᵞ ⱴ ̆ ₮ԅ ⱬҊ

₀ ⱬ- ῏ Ȃ῏ԍ ₀ ̆Soliman(1967)
[43]̆

Iyengar (1970)
[44] ԅ ̆ ԅ ̕1972 Kent Park

[45]

₮ Kent-Park ̆ ⌠ Ȃҹԅ ₀

̆Scott(1982)
[46]̆Dilger(1984)

[47]̆Soroushian(1986)
[48]№≢ ₮ԅ

Ȃ1988 Mander
[49] ₮ ⌠ԅ Ȃ 

1.3  

(Hybrid Testing)̆ ꜚⱬ (Pseudo-dyamic Testing )

̆ ṿ ꜚⱬ

Ȃ 40ᵩ Ҭ̆ ῤ Ạԅ ԅү

ȂҊ ᾢ׆ Ῥ̆׆ Ҭ ῏

Ȃ 

׆ ̆ ׂ ԅ ȁ ҈ҩ ̆

҈ҩ ⅞№Һ ᶭ ₮̆ ⅞№ Ȃ  

ѿ ̔ ̂20ҕ 70 ⌠∆ף 80 Ҭף Ȃ̃1969

Hakuno
[50]ֲ ₮ ꜚⱬ Ȃז ҍⱴ

ᵬꜚ ꜚ ׆̆ Ȃ1974

Takanashi
[51] ף ̆ ԅ ԍ

№ ꜚⱬ Ȃ 

₮ȁ ∆ ῒ̆ ᵬҺ Ҭ

̆Takanashi
[52] ѿ ꜚⱬ ᵬẠԅ

̕ Mahin
[53] ꜚⱬ ԅ Ȃ 

ԋ ̔ ̂20ҕ 80 Ҭף 90 ף ̃̆

ץ ꜚⱬ ҹ Ȃ̂ 1̃ ȁ ȁ

̆ ⱬ ѿ̆֓ ₮ԅ

ꜚⱬ [ 54]̆ ‗ ľ Ŀ Ȃ ꜚ

ץ ҹ 

( ) ( ) ( ) ( ) ( )N Et t t t t+ + + =Mu Cu R R P                  (1-1) 

ῒҬ̆ ⱬ №ҹ ṿ № ( )N tR № ( )E tR Ȃ 

̂2̃ ԍᴰ ꜚⱬ ‰ ⱴ ̆ ⱴ

̆ ᵬ ꜚⱬ Ȃ Ҭѿ֓ ᾝ

ᴆ ₮ ̆ ΐ ῏ Ȃҹ ̆ѿ֓ ₮ԅ
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ꜚⱬ [55] ⱴ Ȃ ꜚ ץ ҹ 

( ) ( ) ( ) ( , , ) ( )N Et t t t+ + + =Mu Cu R R u u u P               (1-2) 

ῒҬ̆ ⱬ
ER ҹᵝ uȁ u ⱴ u ₱ ̆ ( , , )ER u u u Ȃ 

҈ ̔ ̂21ҕ ∆ ׂ̃Ȃ21ҕ ץ ̆

₮ ̆ ңҩ ̔ ҉̆ҹԅ Ҍ

̆ [ 56]̕

҉ ҹ̆ԅ ῏ ᴆ̆ Ҭ Ҭ
[57]Ȃ 

׆ ̆ ҩ῏ ̔̂ 1̃ ҉̆

ṿ ᾝ̂2̃ ṿ № ҉̆ Ҍᵖ

̆ ғ ΐ Ȃ̂ 3̃ └ⱴ ҉̆ ⌠ᵬꜚ

└ ᴆ └ Ȃ̂ 4̃ ҉̆

Ҍ ӊ ҍ Ҭ ӊ ᴰ

Ȃ ԍ 1.2 ׃ ̆Ҋ ҈ҩ Ȃ 

1.3.1 ẅ ⅎ  

҉ ̆ ῒ ꜚ ̆ (1-1)

(1-2) ȂᵖῒҬ ₱ ̆ Ȃҹ ̆

҉  

 ( )i i i i i+ + =Mu Cu R u P   (1-3) 

ῒҬ̆M C №≢ҹ ̆ Rҹ ῤⱬ ̆ Pҹ

̆ u u uȁ №≢ҹᵝ ȁ ⱴ Ȃ  

ṿ № ꜚ ΐȂ Ҭ ԍҬ

ᵝȂ ᴧ № Ҭ̆ ̂ᵝ ȁ ⱴ ̃ ҹ

₱ ̆ ҹ№ץ ̕ ѿ

ⱬ ̆ ҹ№ץ ף ף [58]Ȃ  

№ Ҭңҩ ṿ Ȃ №

Ҭ ∆ ⱬȂ ṿ № ҍ ᵌ

Ȃ ̆ ṿ ̂ ̃ Ӟ № ңҩ ṿ

Ȃ 

1.3.1.1 ⅎ ⅎ  

ῤ ̆ № ҹΈ№ץ ̔ ȁNewmark

↓ ȁ ȁa ↓ ȁr ↓ -
[59,60]Ȃ  

̂1̃      ԍ ᵝ ѿ ң №Ȃ
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Ҭ № ̆ ↕̆Gearң ̆Houbolt
[61]̆Park

[62] Ȃ῏ԍ

֓ Ҋ ̔̂ ã Ҭ № Ҭ ѿ ̂̕ b̃Ҭ

№ ҹ ᴆ ̆ ̆Gearң ̆Houbolt Park ҹ ᴆ

̂̕ c̃ ֓ ԋ [59,60]Ȃ 

̂2̃Newmark ↓      ԍb gңҩ
[63]Ȃ ₃ ҹ̔ ⱴ ȁ ⱴ ȁFox-Goodwin

Newmark ȂῒҬ̆ ⱴ ҹ ᴆ ̆ῒ҈זҩҹ ᴆ

Ȃ ῍ ױ ҹԋ ғҌ ṿ Ȃ 

̂3̃     ῒ tn D+ )( q )1( ²q ┴ ꜚ ̆

 Wilson-q ̆ 37.1²q ᴆ ғԋ Ȃ
[27] ̆ ץ ᴆ ԋ ̆ ץ

ṿ Ȃᵖ ᴪ Ȃ  

̂4̃a ↓     ꜚ Ҭ ῀ a Newmark

ṿ Ȃ a ῀ ↨ Ҭ̆ ᵬ HHT-a [64,65]Ȃ

a ῀ Ҭ̆ ᵬ WBZ-a [66]ȂChung Hulbert
[67] ң

ѿ ԅ ӈ-a Ȃ ױז̆ ₮ԅ ӈ-a
[68]Ȃ ԋ ᴆ ғ̆ΐ ᶃ ṿ Ȃ 

̂5 r̃ ↓     
[69,70] ₱ ᵌ ⱬ ᵝ

̆ № ᵩ ҹ Ȃҍ HHT-a ᵌ̆

r ԋ ȁ ᴆ ᴨ ṿ Ȃῒᴨ

ԅ ⱬ ṿ̆ ⌠ ⱬ № [70]Ȃῒ [69] ṿ ҍҬ

№ Ȃ 

̂6̃ -    ԅ ᴨ ̆

ץ Hughes Liu ₮[71,72] ΐף ȂHuge
[73] ↨ №ҹ

ң № ԅ ̆ № ̆ №↕

Ȃ Ҭ ⌠ Ȃ 

1.3.1.2 ῝ ẅ ⅎ  

ᴧ № Ҭ̆ Ҭ № ⱴ ̆

HHT-a ȂҊ ң ῖ ṿ № ̆ҹ

ᶫ Ȃ 

̂1̃Newmark-b[63]
    b g ⱴ №

ᵝ ̆ (1-5) (1-6)Ȃ 25.0=b 5.0=g ҹ

ⱴ ̆ 6/1=b 5.0=g ҹ ⱴ ̆ 12/1=b 5.0=g ҹ

Fox-Goodwin ̆ 0=b 5.0=g ҹ Newmark Ӟ Ҭ № Ȃ
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̆Newmark-b ᴆ ғΐ ԋ Ȃץѿ

ҩ ꜚⱬ ҹᶛ ̆ Ὲ (1-4)Ȃ 

1111 ++++ =++ nnnn fkdcvma  (1-4) 

      1

22

1 )5.0( ++ D+D-+D+= nnnnn atattvdd bb  (1-5) 

11 )1( ++ D+-D+= nnnn atatvv gg  (1-6) 

Newmark ↓Ҭѿ֓ ṿ [59,60]
 1-2 

1-1. Newmark ↓ ṿ  

Table 1-1 Numerical properties of well-know members of Newmark family 

  b g ᴆ  

ⱴ  1/ 4  1/ 2  ᴆ ԋ  

ⱴ  1/ 6  1/ 2  5.332 º=Wcrit  ԋ  

Fox-Goodwin  1/12 1/ 2  4.26º=Wcrit   

Newmark  0  1/ 2  2=Wcrit  ԋ  

̂2̃HHT-a  
   

[64,65]
Newmark-b ҉̆ ῀ѿҩ

a⌠ ꜚ ⱬҍ ⱬ  ̆ Ҍ ᵞ ╠ Ҋ └ ṿ

Ȃ ԅ g- a- ̆ ԅῒ ṿ

ⱬȂ Ҭb g a‗ ̆ ă ᴆ ȁԋ

ץ ᴨ ṿ Ȃץѿҩ ꜚ ҹᶛ ̆

(1-7)Ȃ 

nnnnnnn ffkdkdcvcvma aaaaaa -+=-++-++ ++++ 1111 )1()1()1(  (1-7) 

1

22

1 )5.0( ++ D+D-+D+= nnnnn atattvdd bb  (1-8) 

11 )1( ++ D+-D+= nnnn atatvv gg  (1-9) 

ῒҬ̔ 2(1 ) / 4,  0.5b a g a= - = -,   

HHT-a ᴆҹ [ 1/ 3,0]aÍ - ̆ῒ ⌠ԋ ̕

└̆ ᵞ ѿ Ḡ Ҍ ̕ᵖ ᴪ Ȃ 

1.3.2 ꜘ ┼  

ⱴ └ ῏ ̆ ῏ ᴆ ҩ

̆ ‗ ̆ ⌠ ῤ ῏ Ȃ 

1.3.2.1 ᵲ꜠ ┼  

῏ԍᵬꜚ ᴆ └̆ ╠ ҈ ̔ └

ȁ └ ᵬꜚ ҍ ᴆ ԑᵬ ȂҊ ╠ң Ȃ 

̂1̃ └     Phillips
[74]

LQG ᵬꜚ ҹ
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̆ ₮ԅѿ ԍ ᵊ └Ȃ ╠ └

ῤ ễ̆ └ ȂGao
[75] [76]

H¤ 

Ҭ ᵬꜚ └̆p ᶭ ԍ ᵬꜚ Ȃ
[77] ᵬꜚ ̆ ԋ └ ̂LQG̃ └

ᵬꜚ Ȃ ṿᴏ ԅ Ȃ 

̂2̃ └     Wagg
[78] └ ̂MCS̃

⌠ Ҭ̆ ԅ ȂNeild
[79] ѿ ḱ

└ ̂MRAC̃ └ ᴆ̆

Ȃ [ 80] [81] ꜚ └ └

ᵬꜚ ̆ᴏ └ PID Ȃ 

1.3.2.2 ᴌ ┼ 

ᴆ ᵝ ⱬ ֽ̆ ᶭ ᵬꜚ

└ (ᵝ └ ⱬ └) ץ ᴆ̆ҹ ῤ

ԅῤ └ ⱬҍᵝ ℗ └Ȃ  

̂1̃ῤ └    Nakata
[82] ₮ⱬҍᵝ └ ̆

ᾢ ᵝ ⱬ ≢ ↨ Ῥ̆ ⱬ פ ҹᵝ

̆פ ῤ ᵝ └ ⱬ Ȃפ [ 83] ↨ ᴆ̆

₮ԅ ᵝ └ῤ ⱬ └ ꜚⱬ ̕ [ 84]

ⱴ Ҭ̆ ⱬ └ῤ ᵝ └ Ḡ ⱬ ⱴȂ

֓ ᵣ ԅⱬҍᵝ └ ̆ ῏ 1-4Ȃ 

+
-

ⱬ
└

ᵊ
ᵬꜚ

↨
ᴆ

ⱬᴰ

ᵝ
└

+
-

ᵝ ᴰ

ᵝ

פ

ᵝ

ⱬ פ

ᵝ -ⱬ

ῤ ⱬ └

 

+
-

ᵝ
└

ᵊ
ᵬꜚ ᴆ

ᵝ ᴰ

ⱬ
└

+
-

ⱬᴰ

ⱬ פ

ⱬ

ᵝ פ

ⱬ-ᵝ

ῤ ᵝ └

 

a) ᵝ ῤ ⱬ └ 

a) External displacement internal force control 
b) ⱬῤ ᵝ └ 

b) External force internal displacement control 

1-4 ⱬҍᵝ └  

Fig. 1-4 Schematic diagrams of mixed force-displacement control 

̂2̃ⱬҍᵝ ℗ └    Pan
[85] ⱬҍᵝ ℗ └

̆ ᴆ ⱬ └̆ ᵝ └ȂKim
[86] ₮ ֜ └ ̆ ⱬ └ҍ └ └

Ȃ ң ұ ᵣ ῒ̆Ҭ҉ ᵬꜚ ᵝ

└̆Ҋ ᵬꜚ ⱬҍᵝ └Ȃ [ 87] ₮ԅ ԍᵝ

ⱬҍᵝ └ ̆ ᴏ ҍ ԅ ҍ

Ȃ 
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1.3.2.3 ᵆ ғ ị  

ᵊ ᵬꜚ ῤ ᴪ פ Ȃ ᴪ

Ȃ ₃ ̆ ῏ Һ Ҭ № ȁ ᵀ

ễ Ȃ 

῏ԍ № ̆Horiuchi 
[ 88] ₮ᵬꜚ ԍ ҉

ⱴԅ ̆ ȂMercan 
[89]№ ԅ

̆ ₮ԅ ∞≢

Ȃ Ҽ [ 90] Ҭ ԅ ̆ ₮

ԅ ҳ ᵌ Ὲ Ȃ 

̂1̃ ᵀ     Darby
[ 91] ↨ ᴪ

ᵬꜚ ̆ ₮ԅ ᵀ ȂWallace
[ 92] ₮ѿ

ԍ ╠ ᵀ ̆ ₮ ễ ↨

ȂAhmadizadeh
[93]

ᵀ ̆ Ҍ ᾢ Ḥ ̆p ᵀ ṿ

Ȃ [ 94] ԋӗ ᵀ ̆ ΐ

Ȃ 

̂2̃ ễ     Horiuchi
[ 95] ᵝ ҈

Ҋѿ ᵬꜚ ᵝ פ ӊ̆ ᵝ ҈ ҹⱴ

̆ ԅ ȂCarrion
[ 96]≠ ̂ ȁ↨

ȁ ̃ ̆ ₮ѿ ԍ ᵬꜚ ῀ᵝ

ễ ȂPhillips
[97] ԅ ԍ╠ - └ ễ ̆

ᵊ ᴰ ₱ ᶏ ȂChen
[ 98] ₮ ԍ

ᴰ ₱ ⱬ ễ ̆ ץ ᵝ ⱬ ễ̆

ꜚ ԅ ễ ȂWu
[99] ₮ԅѿ ԍ ҉

ᴨ ᵝ ễ ̆ ṿ

ԅ ᴨԍᴰ ễ Ȃ  

1.3.3  

ᵣȂ ҩ №̆

≠ Ȃ 

ҹԅ ᾢ ̆ Ạԅ ᵬȂ ₮ľ

Ŀ̂ NEES̃ ⅞ȁ ԅľ⁞ Ŀȁ

қ֒ ԅҕ ꜚ ̆ ԅ E-Defense (

ED-net)ȁ ԅ ⅞̂ KOCED̃[100]ȁ
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ԅľ ԍԑ Ŀ ̆ ⇔ ԅ HQH-NSER

Ȃ ̆ ȁ ῌ Ӟ ᴏ NEES ᵌ

UK-NEES NZNEES̆ NEES Ȃ 

1.3.3.1  

̆ ῤ ԅ ̆ Ḃԅ

̆Ҋ ׃ ₃ҩῖ Ȃ 

Kwon
[101] ԍ MATLAB ԅ

ᴆ UI-SimCor̆ ̆ HHT-a ṿ № ῒ Ҭ

ꜚ ȂTakahashi
[102] ԍ ̆ ₮ѿҩ

ԍ № - ᴆ ; Schellenberg
[ 103]

̆ ԅ └ OpenFrecoȂ 

Xiao
[104,105] ԍ VB ԅ ᴆ NetSlab̆ ᴆҺ

ԍ └ ץ̆ └Ҭ ҍ ӊ

ᴰ ȂPan
[106] ₮ѿҩ № P2P̆ ῒ

ꜚⱬ ₀ ⌠ ̆ ף ҉

ȂWu ԍ C++ ԅ HyTest̆ ╠ ҬȂ 

1.3.3.2  

̆ Ḇ ԅ Ҋ̆ ῏

’Ȃ 

Eatherton
[107]

Ji
[108]№≢ ԍ Ui-SimCor ₀

ԅ ̆ ԅң Ȃ [109] – [110]№≢

ᶏ OpenSEES Abaqus ᾝ ᴆ  OpenFresco MTS FlextestGT

Ḥ̆ ԅ Ȃ ᴯ[111] [112,113] ԅ OpenFresco

№≢ dSPACE LabViewҍ ⱴ Ḥ Ȃ 
[114] [115]ᶏ NetSlab ԅ

̆ ԅ ȂWang
[116-119]

P2P

ṿ № ̆ ᾝ ᴆ ҍ - ₀

ԅ ̕ ԅң № ̆ ԅ

ṕ ҍ Ȃ  

1.4 ᵆ  

῀ ₮ ҹ

Ȃ ᵀ ѿҩ Ӟ̆ Ȃ

Ҋ ᾢ׃ ̆ ᵀ Ȃ  

http://baike.baidu.com/view/76167.htm
http://baike.baidu.com/view/76167.htm
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1.4.1  

ѿ ΐ ⱳ ᵣȂ

Ȃ῏ԍ ̆1962 L.A. Zadeh
[120] ₮ѿҩ

ӈ̆ ῀ ₮ ѿ׆̆҉ Ҭ̆ ѿҩҍ

ᴇ Ȃ1978 L. Ljung
[121] ₮ ҈ҩ ̆ ȁ

‰↕̕ ѿ ‰↕ ѿ Ҭ ѿҩ

Ȃ 

№ Ȃ̂ 1̃ ≢̆ №ҹ

̂̕ 2̃ ̆ ҹ№ץ

̂̕ 3̃ ̆ ҹ№ץ Ȃ̂ 4̃

ԅ ̆ ҹ№ץ ᵣ № ȂῒҬ ᵣ Ҭ

ѿ ̆ ̕ № Ҭ ̆ ᵬ

Ȃ ̆ ̆ ̆

ҹ ᵀ Ȃ 

ӊѿ̆ №

ᶏ Ȃ ԍᴏ № ȁ ȁ └ ҩ

Ȃ 

1.4.1.1  

L. Ljung ӈ ₮ԅ ≢ Ȃ ῒ҈ Ҭ̆

̆ ̆‰↕ ᶭ ȂҊ 1-5

Ȃ 

̂1̃  ԍ S, ѿҩ MȂ ῀ u(t)Ҋ̆

S ₮ m( )y t  M ₮ p( )y t Ȃ ₮

₮ ‰↕ ̆↕ M ףץ SȂ ₮

₮ ‰↕ ↕̆ḱ M̂ ̃̆

⌠ ₮ҍ ₮ ‰↕ ׆̆ ѿҩ ף S

MȂ 

ץ     ҹѿҩᴨ Ȃѿ ̆‰↕ ₱ ̆

ᴨ ̆ ᴆȂ ≢ ̆ ̆ ҹ

ᵀ ̆‰↕ ₱ ̆ ҹᴨ ̆ ṿ ҹ

ᴆȂ 

̂2̃ ‼∑ ᴇ‰↕ ҬҌ ҈ ӊѿ̆
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̆ ҹѿҩ ₱Ȃ ᴇ‰

↕Ӟ ‰↕ ₱ ̆ ᵬ 

 
T

0
( ) ( (t))J fq e=ä   ( 1- 10)  

Ҭ̆ ( )f Ö ĺĺ (t)e ₱ ̆ ̆ 2( (t)) (t)f e e= ; 

(t)e  ĺĺ ӈ [0,T]҉ ₱ ̆ ҹ ҍ

ľ Ŀ̆ ץ ҹ ₮ ̆ ῀ ӈ Ȃ  

M

m ( )y t

ṿ

p( )y t

ṿ

 ( )u t

῀

+

-

S

+

q

( )te

 

ᾢ

῀
₮

≢

ᵀ
Ҍ

 

1-5  

Fig. 1-5 Principle of system identification 

1-6  

Fig. 1-6 Steps of system identification 

1.4.1.2 Ὺ  

̂1̃ Ὺ  ҹԅ ̆ Ҋץ

ῤ ̔a) ̆b) ̆c) ᵀ d) Ȃ ԍ

ѿҩΐᵣ ̆ ꜛ ᵬȂ  

̂2̃  ȁ ‰↕ ҉

̆ᵖ ̆ѿ Ҋ ̆ 1-6 Ȃ 

    a) ȁ ᾢ Ȃ ‗ ≢

̕ᾢ ᵬ Ȃ  

b) Ȃ ᾢ ̆ Ḥ ̆

̆ ῀ ₮ ̆ Ȃ  

c) Ȃ ᾢ ̆ ̂ ̃

̆ ѿҩ ╠Ẋ Ȃ 

d) Ȃ ῀ ₮ ̆ Ẋ ≢ ╠ Ҋ̆

≠ ̆ № ̆ Ȃ  

e) ᵀ Ȃ ῀ ₮ ̆ Ẋ ╠ Ҋ̆

≠ ᵀ Ȃҹԅľ Ŀ̆ ԍ Ȃ  

f) Ȃ≠ ѿ ῀ ₮ ̆

̆ ↕ ̆ ↕ Ȃ  
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1.4.1.3 ⅎ  

Ҍ ̆ №ҹ Ȃ №

₱ ̕ ῀ ₮ ҍ̆

ҹ ῏[122]̆ ≢ Ȃ 

Ҍ ̆ №ҹ ≢ ≢ Ȃ

Ῥ ≢̆ ῒ ̆ᵖ Ȃ

ֽ ╠ ┴ Ȃῒ Ữ ̆ Ȃ  

̆ №ҹ ̂ ̃ ≢

̂ ̃ ≢ ȂҊ № ׃ Ȃ  

Ѓ1Є  Ạľ Ŀ̆ ᾢẊ

ῒ ̆ ҉ ԍᴋᵥ Ȃ ῖ ȁ

‖ ȁ ₱ ȁ ῏№ № , Һױ ≢

ᴰ ₱ Ȃ ף ȁ ̂ ᴰ [123]ȁ
[124]̃ Ȃ 

Ѓ2Є  ᵬľ Ŀ̆ ԊᾢẊ

̆ ҍ ₱ ̆

ᵀ Ȃ ᵀ Ҭ ԓ ̔ ԋӗᵀ ȁ ᵌ ᵀ ȁ

ᵀ ȁ ᵀ ᵀ Ȃ 1.4.2 ᵀ

Ȃ 

̆ ᴨ׆ ̆↕ᴨ ץ Ạ Ȃ

ȁ ̆ Ȃ [125] ḱ ↨

ᵀ ᵝ Ȃ [126,127] ᵀ ≢

Ȃ 

1.4.2 ᵆ  

ᵀ ׆ Ҭ Ḥ ȂT №

ҹ ᵀ ᵀ Ȃ ᵀ ̆ ῀

₮ ̕ ̆ Ӟ

ῒ ᵀ Ȃ 

ᵀ ‰↕̆ᵀ №ҹ ԋӗᵀ ȁ ᵌ ᵀ ȁ

ᵀ ȁ ᵀ ȁ ᵀ ̆ῒҬ ҈ ԍ ᵀ

Ȃ ╠̆ ԋӗᵀ ԍ ↓

Ҭ ᵀ ̆Ҋ Һ ₃ Ȃ  

 

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

ԋӗᵀ (Least-square estimation, LSE) ̂1795̃

ᾢ ₮̆ ץ ᵬҹᵀ ‰↕Ȃѿ ԋӗ

̆ῒᵀ Ҍ Ȃ ץ ⱴ ׆̆

ⱴ ԋӗ Ȃ҉ץң ᵀ ҹ̆ԅ

ᵀ ԋӗ Ȃ ҹ̆ Ẓᵀ

ԋӗ Ȃῒ 1-7 Ȃ 

ԋӗᵀ Ҭ ⌠ԅ Ȃ1999 Smyth
[ 128] ₮ԅ

ѿҩ ԍ ԋӗ ̆ ’Ҋ̆

⌠ ⱬᵀ ṿ ᾝ Ȃ2001 Lin
[129] ₮ԅѿ

ԍ ≢ Ȃ ѿ ԋӗ

ᾝ ̆Ḡ ≢ṿ Ȃ2004 Yang 
[130] ₮

ԅѿ ԍ ԋӗᵀ ̆ ץ

̕ ≢ ԅ Ȃ2007 Yang
[131] 

₮ ԋӗᵀ ̆

ԅ ≢ ᴴ ≢̆ ΐ̆

Ȃ 

ԍ ‰ LSE ≢̆

Ҍ ԍ ≢ Ȃ2011 Zhang
[132]

Bouc-Wen , 

₮ ԋӗ ≢ ̆ Bouc-Wen 

ᵝ ⱬף ̆ № ↕ ⌠῏ԍ

̆ ԅ ԍBouc-Wen ԋӗ ≢̆

≢ṿ ≢╠ ꜚ ̆ ׅ ѿ Ȃ 

ѿ ԋӗ

ⱴ ԋӗ
ԋ
ӗ

ᵀṿ
ᵞ

ṿ
ⱴ

Ẓ
ᵀ

SISO

ԋӗ

MIMO

2min ( )= [ ( , )]
N

i ii
J y - f xq qä ԋӗ

ӈ ԋӗ

ꜛ

ԋӗ

ễ ԋӗ

 

1 1 1n n n k

n n k

x Ax Bu w

y Hx v

- - -= + +

= +

1 1

T
1

Ĕ Ĕ
n n n

n n

x Ax Bu

P AP A Q

- +
- -

- +
-

= +

= +

T T 1( )

Ĕ Ĕ Ĕ( )

( )

n n n n

n n n n n

n n n

K P H HP H R

x x K y Hx

P I K H P

- - -

+ - -

+ -

= +

= + -

= -

Ĕ
n nx P- -∆ṿ̔ ̆

 

1-7 ԋӗᵀ  

Fig. 1-7 Development of LSE 

1-8  

Fig. 1-8 Operation of Kalman filter 

1.4.2.2  
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1960 Kalman
[ 133]ԍ ₮ԅѿ ץ ҹᵀ ‰↕

(Kalman filter, KF)̆KF ԅ ꜚ ̆

╠ѿ ᵀ ṿ ╠ ӊ╠ ṿ ₮ ╠

ᴨ ᵀ ,  KF 1-8ȂҹԅᶏKF ԍ

̆Stanley ֲ ᾢ ₮ԅ (Extended Kalman filter, 

EKF)Ȃ EKF ‰ (Kalman filter, KF) ̆

KF ᵀ ԅѿ Ȃ 

EKF ᴴ ≢ ⌠ Ȃ1984 ̆

Hoshiya ֲ[134]
EKF ԍ ≢Ȃҹԅ ⌠ѿҩ

̆ ₮ ѿ ԍ ₱ ⱴ ᵣ  ҍEKFף

≢ ̆ ȁ ץ

ԅ ₮ Ȃ2002 ̆Zhang ֲ[ 135]
EKF ≢

̆ ҍ ȁ ӈ Ҋ

ԅ № ̆ ֓ ≢ ץ ԍ ≢Ȃ2006 

̆Yang ֲ[136] ₮ԅѿҩ ԍ ꜚ EKF 

≢ ̆ ≢₮ ᴴ ׆̆ ∞≢

ᴴ Ȃז ȁ ȁ Benchmark ≢ ԅ

Ȃ2010 ̆Foun
[137]

EKF ≢

ȁ ̆ ԅҌ ץ Ҍ

≢ Ȃ 

ԍEKF ѿҩ Ҭ ᾥ ̆

Ҍ ̆↕ ᾥ Ȃ ̆ ᵀ ∆ ṿ ץ

ᴪ ≢ Ȃ ғֽ̆ ҹ ̆

EKF ҹ Ȃ 

1.4.2.2  

1995 Julier Uhlmann
[ 138- 145] ₮ԅ (Unscented 

Kalman filter, UKF)̆ ӊ ѿ֓ [146-149]
UKF ԅ ῀

̆ ԅ ȂUKF 

ṿ  ̆  (Unscented transformation, UT)̆ ≠

ľ - Ŀ ᵀ ȂUT Ҍ

ᾥ ̆ ѿ ↓ Sigma ᵌ ᵀ ̆ ֓

Sigma ̆ ⱴ ֓ Sigma 

ᵌ ₱ ṿ ̆ ⌠ יּ ԋ Ȃ
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̆UKF ΐ ᵀ ⱬ ᴨ Ȃ  

2007 Wu ֲ[ 150]
UKF ‗ Ҭ

≢ ̆ ԅEKF UKF ≢ Ȃ ҍ̆EKF 

ŬKF ≢҉ ̆ Ȃ2008 

Wu 
[151]

UKF ≢ ȁ ̆

UKF ΐ ≢ ̆ ᵀ

≢Ȃ2013  [152]№≢ EKF UKF ≢ ◄℗

̆ ᴇ ᴴȂ2014 Astroza
[153]

UKF ≢ № ᾝ Ҭ ᴏ̆

, ̆ ≢₮ Ȃ  

╠̆≠ ≢

ȂChatzi ֲ[154]
UKF ≠ Tasbihgoo ֲ ≢

̆≠ ≢ ṿ ԅ ѿ ↓ ԍBouc-Wen 

̆ ₮ԅ ≢ ‰ ᵣ

ᴇ‰↕ȂSong
[ 155,156] ԍUKF 

ԅ ≢̆ ≢ ṿ ̆

ԅ ῀Ҋ ҍ ̆ ԅ

Ȃ 

1.5 Ҳ  

ᵬ Ҋѿ֓ ᴆᴪ ῀ Ȃ

̆ ԍ └̆ ΐ ף ᴆ

̆ ▼ᵩ № ᴆ ף Ȃ ԍ ֓

Ẋ ῒ̆ Ҍ ̆ ᴨלӞ Ȃ 

ҹԅ⁞ ̆ ץ ᾟ№≠ ̆ ≢

ῒ ̆ ṿ Ҭ ᴆ ̆

ȂҊ ᾢ׃ ̆ ῒ

Ȃ 

1.5.1  

῏ԍ ᵣ ̆ ᴰ Ҭ̆ ᵣ ⅞№ҹ

ṿ ̕ Ҭ̆ ṿ ῒҍ

ᵌ ̆№ҹ ṿ Ҍ ṿ ̆ 1-9Ȃ 
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ⱴ

ṿ

ṿ

̂ )

№

ṿ

̂ )

+
+

-Eu
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N 1u

N 2u
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ER

N 1R

N 2R

1

2

3

4

 ?k N>1k k= +

ᴨ
≢

 

1-9  

 Fig. 1-9 Framework of online model updating hybrid simulation 

ṿ ṿ Ҭҍ ᵌ ᴆ ̆

ױ ̂ ȁ ̃ ץ ̆

ᵖ ץ ΐ Ҍ ⱴ Ȃ ṿ ≠№ᾟץ

Ḥ ̆ ῒ Ȃ  

Ҍ ṿ ṿ Ҭҍ Ҍ ᴆ Ȃ

ױ ̆ ̆

Ҍ Ҭ ῒ ̕ ԍ ֓ ᴆҍ Ҍ ̆

ӞҌ ῒ Ȃ 

ᾣ ᴌ

ṿ

( , )N N aR G u p= < >( )E E mR H u R= =

≢

( )N -
E

+ = P MR a + C vR

 

 

ᴆ

ᵬꜚ

ᵝ

פ ⱬ

└

U g

mR

Ĕ( )cR H= x
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ᴨ
+
-
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Ĕ ( , )E aF u p= x
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Fig. 1-10  Schematic diagram of hybrid simulation with model updating 
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῏ԍ ̆D ץ № ҹҬ ץ̆ ṿ

ⱴ ҹңҩ Ȃ ̂ 1-9̃↕

҉ ⱴңҩ ̔ῒѿ ≢ ̆ ̕ῒԋ

Ȃ 

    ≢ ̂ 1-9Ҭ )Ҭ̆ ѿҩ ᾢ

ᴨ Ȃ ᾢ ̂ ̃ ṿ

̆ ṿ ΐ Ȃ Ҭ̆

ṿ ῀ ᵝ ҍῒף ῃ Ȃ ᴨ

≢ ̆ ₱ ̆ Ḥ ҍ ṿ

̆ ᵀ ₮ѿ ᶃ Ȃ ᶏ ̆ ╠ ⌠

UKF ̆ ҹῒΐ Ȃ 

̂ 1-9Ҭ ̃Ҭ̆ ≢ ⌠ ᾢ

ѿҩ ῤ ׆̆ Ḡ ΐ ӈȂ

֓ ≢ ṿ Ȃṿ ̆

ṿ Ҍ ̆ ≢ ∆ ₃ ̆

ῒ ꜚ ̆ Ҍץ ̕ ̆Ῥ Ȃ  

῏ԍ ̆ 1-9 № Ҭ ѿ

̔ ᾢ̆ ᵝ
Eu  ⱬ

ER Ȃ ̆

ᵝ Eu ⱬ
ER  ≢ , ѿ ᵀ Ȃ ̆

ᵝ 1Nu ᵀ ₮ ṿ ₮ῤⱬ

1NR Ȃ ̆ ᵝ 2Nu Ҍ ṿ ₮ῤⱬ 2NR Ȃ

̆ ҉ ᵬ̆ ̆ ≠ ṿ̆

῏ ṿ Ȃ ץ1-10 ҹᶛ ₮ԅ

Ȃ 

1.5.2  

̆ ῤ ԅ , ԅү

Ȃ  1-2 ԅ ׂҹ ῏ Ȃ 

2005 ̆Yang WJ
[157] ᾢ Ҭ̆

╠ ӟ ⱬ ̆

ṿ ⱬȂ ң ◄℗ ᴏ

̆ ṿ ⱬ ‰ Ȃṿ

׆̆ └ԅῒ ԍ Ȃ 
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Yang YS
[158,159] ԅ ̆ ₮ Ҭ

ᴨ NelderïMead Simplex Method (NM) ≢

ⱬ ̆ ṿ Ȃ

OpenSeesNavigatorᴆ ṿᴏ ̆ ԅ Ȃ  

2010 ̆ ẫ[9]
UKF ԋӗ [160] ≢

Bouc-Wen ⱬ ̆ ᵌ

ⱬ̆ ṿᴏ ԅUKFȁ ԋӗ ҈ ≢

ꜚⱬ Ҭ Ȃ 

ֲ ԍ ԅѿ ↓ ̔2011
[161]

ץ ҹ ̆ ԍ ⱬᵝ ῏ ̆ ԋӗ

≢Ẋ ̆ ԋ ̆

ԅ ꜚⱬ Ȃ2012⌠2013 ̆ ԍUKF ԅ҈

Ȃ ᾢז ץ[162,163] ̂ - - ̃ ҹ

ῒҬѿҩץ̆ ҹ ᴆ̆ ѿҩ ף ̆ ̆

ᴆ ⱬ-ᵝ ῏ UKF ≢ῒ↨ ̆ ṿ ↨ Ȃ

ץ[164]ז ң ҹ ̆ ҹ ץ̆ ҹ

ᴆ ҉̆ Bouc-Wen ף ̆ Ҭ≠ ⱬ-ᵝ ̆

UKF ≢ Bouc-Wen ̆ ҉ Ȃ
[165,166]

UKF Ҭḱ UT Sigam ̆ ₮

ԅѿҩ UKF ̆ ⌠ Ҭ̆ ᴏ

ԅῒ Ȃ̓͂ ԍ ̆ ῒ
[167]Ȃ 

2013 ̆Kwon
[168] ₮ѿҩ ̆ ṿ ҹ ҩΐ Ҍ

ṿ Ẋ ⱴ ⱴ̆ ӈ ₱ ̆

ᴨ ̆ Ҭ ṿ ̆ ᴏ

ⱴ ṿ └ ᴆ Ȃ  

2014 ̆Hashemi
[169] ԅ≠ ṿ

̆ ԅ Ȃץז

ҹ ̆ UKF ≢ ᶷ -

Bouc-Wen ̆ ᶷ Bouc-Wen

Ȃ 

   2014 ,Elanwar
[170] ԅ ԍ ᴆ ̆ Ҭḱ

ṿ Ҭ ῒ̆ ᴰ ≢ ῏
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Ȃ ₀ ңҩ ṿᴏ ᶛ̆ ԅ ԍ

Ȃᵖ Ҭ ⱬ Ҍ

̆ Ӟ ₮ ≢ Ȃ 

1.6 ῗ Ὺ  

ԍ ⅞ľ ꜚⱬ Ŀ

Ҋ ᵬ ľ ṕ №

̂51161120360̃ĿȂ 

⁞ľץ ȁ Ŀҹ Ȃ № ̆

╠ Ҭ ңҩ ῒ̔ѿ̆ ╠

̆ ץ ҹ ̆ Ҍֽ ̆ ғ

ᴆ Ȃῒԋ̆ ̆ ԍ

└̆ ᴆ ▼̆ᵩ ᴆ Ẋ

ṿ ף ̆ ҩ Ҭ ᶛ ̆ ᴨל

ԅȂ ̆ ╠ ץ ᾝ ̆

Ȃ ҈ҩ ‗ ῏ Ȃ  

ҹԅ ‗ ҈ҩ῏ ̆ ץ̆ ҹ ̆

ҩ҈׆ ῀ Ȃ ᾢ̆ ᵬҹ ̆

ᾝ̆ Ὶ ҍ Ȃῒ ̆

1-2 ׂ῏ԍ  

Table 1-2 Statistics of literatures on model updating hybrid simulation up to now 

ᵬ  

 

 

 

 

 

ⱴ 

ṿ  
≢   

Yang WJ   

et al.
[157]

 
ң  

̂ ̃ 

ѿ  Ramberg- 

Osgood 
  

Zhang
[160]

 
[161]

 

ң  

 

ѿ  

 

BouC-Wen 

 

ԋӗ dSPACE 

-MTS 
[163-167]

 

 Wu 
[163]

 

ң  

 

 

 

/ 

BouC-Wen 

UKF/ 

CUKF 

dSPACE 

-FTS/MTS 

Yong YS 

et al.
[159]

 
 ѿҩ 

 

+   OpenSees- 

Navigator 

Kwon 

et al.
[168]

 
ң  

 

 

 

DBE+ 

Steel02 
 UI-Simcor 

Hashemi 

et al.
[169]

 
 

 

ᶷ 

 

BouC-Wen UKF OpenFresco  

Elanwar 
et al.

[170]
 

ң  

 

ᶷ 

 

 

 

ᴰ  UI-Simcor 

̔ Ҭ 2014 10 Ȃ 
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̆ ᾝ ̆ ≠ Ҭ Ḥ ≢

̆ҹ ṿ Ҭ Ạ‰ Ȃ ̆

̆ ԍ ᾝ ᴆ ̆ ₮

ҹ̆ ῏ ᶫ ᵣȂ

1-11 Ȃ 

׆̆

№ ȁ ṿᴏ ῏ ̆ΐᵣῤ Ҋ̔ 

̂1̃ 2 ⱬ Ȃ ᾢ ԅ ҉

ⱬҍ ̆ ԍ ῖ ԅ ⱬ

Ȃ׆ ṿ ₮ԅ ᶏ ̕ ᴏ ᶛ̆ ԅ

Ȃ 

̂2̃ 3 ≢ Ȃ ᾢ

Ḥ ҍ ̆ UKF ᵀ

̆ № UKF ᵀ Ҋ∆ṿҍ № ̆

ṿ ᶛ ᴏ Ȃ 

̂3̃ 4 ԍ ᾝ ᴆ Ȃ ᾢ№ ң

ѿҩ ᴏ ̕ ῀ԅ ԍ

ᾝ ᴆ ҈ ̕ ₮ ᾝ

̆ ₮ ᴏ Ȃ 

̂4̃ 5 Ȃ ᾢ

№ ̕ ԅ ̆

ῒⱴ ̕ ̕ ԅ

Ȃ 

 

ԋ ҈

≢

ᾝ

ԓ

1 2

ῤ

ᵝ

⁞ ̆

 

1-11 ῤ ҍ  

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

2.1  

ҹԅ⁞ ṿ ᾝ ̆

- ᾝ ̆ ₮ԅ Ȃ

- ᾝ ̆ ҈ҩ ̔ ᴆ ȁ
[34,171,172]Ȃ ᴆ Һ Ҭ ᾝҬ̆ ң Һ

ԍ№ ᾝҬȂ ҈ Ҭ̆ Ὶ

ҍ ̆ ṿ Ҭΐ ⱬȂ  

╠ - ᾝ ҉ ₮ ľ - Ŀ῏ ̆

ľ ⱬ- - Ŀ῏ Ȃ ῏

№ ⌠̆ ᶏ ӎ ̆Ҍ ⱬ
[171]Ȃ 

ҹ ⱬҍ ᵬ ᶫԅѿҩ ΐȂ

Nigam
[ 173]ȁMorris

[ 174]
Wen

[ 175] ₮ ᾝ №

ȂPowell
[176] ԍ ῖ ₮ԅѿҩ ӈ ȂWhite

[177]

ᶏ ₮ԅ ̕ ῐ [178]≠ ᾝ

ᾝ ԅ ̕Chan
[179]

 ₮ԅѿҩ ԍ I H

ῃ ̆ ԅ ᾝȂ ῀ ҕ ץ ̆

Ҍ⁞̔ Iu
[ 180] ԍ ̆

̕ElMandooh
[181]ҹԅ ⱬҊ

₀ ᴆҬ ҍ◄℗ ̆ ҩ ҹ҈ҩұ

ꜚ ѿҩ◄℗ Ȃ ̆Biglari
[182]

 ԍ

₮ ᾝ̆ Bleyer
[183] ᵀ ҉Ҋ Ȃ

ᵖ ̆ ֓ Ҭ̆ Ҭ Ẋ ᴪ ̕ Ҭ̆

₡ Ӟ Ȃ Drain2D
[184]Ҭ ԍ

Ẋ ̆ ԍ ῖ Ȃ  

ҹ ⱬҍ ᵬ ̆ Ὶ ҍ ̆ ₮ԅѿ

ҩ ԍ ᾝ Ȃῤ Ҋ̔ ᾢ ԅ ҉ ⱬҍ

̕ ԍ ῖ ԅ ̕ ԅ

῏ № ̕ ⱬ ꜚⱬ № ᶛ

Ȃṿ ̆ ԍ ̆
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ᵖ ץ ⌠ ₀ ҬȂ  

2.2 Ⱶғ  

№ Ҭ̆ ѿҩ └ ₱ ῏ Ȃ

Morris
[185] ₮ԅҌ Ҭ Ҋ I ̆Orbison

[186]

₮ԅѿҩ Ὲ ̆Duan
[187] ₮ԅ ԍ

Ὲ ̕Ҋ ᾢ ₮ ῏ ̆

ᶭ ̆ H ῏ ᵬҹ ₱ [188]Ȃ 

2.2.1 ῗ  

Ҭ (GB 50017-2003)
[189]

9.2.3 ᵬ ѿ

ҩҺ ῤ ᴆ ̆ῒ ⱬ ῏ ץ Ҋ  

 
y p

y y p

0.13 1.0

20
0.13 1.0

23

N M

N M

N N M

N N M

¢ =

> + =

̆

̆

  (2-1) 

ῒҬ yN ĺĺ ⱬ y yN f A= Ö̆ yf ҹ ̆ Aҹ ̕ 

     pM ĺĺ p y pM f W= Ö̆ pW ҹ Ȃ 

̂AISC-360-10̃[190] ᴆ

ԑᵬ Ὲ ̂H1-1a H1-1b̃̆ ⱬ ῏ ץ Ҋ 

 
y y b p

y y b p

0.2 1.0
2

8
0.2 1.0

9

N N M

N N M

N N M

N N M

j j

j j

< + =

² + =

̆

̆

 (2-2) 

ῒҬ jĺĺ ̆ 0.90j= ̕ 

     bjĺĺ ̆ 0.90j= Ȃ 

῏ ̆ᵖ ⱬ ץ̆

ԍ ῒז Ҍ ̕ ̆ № ₱ № Ҍ Ȃ  

2.2.2 ῗ  

Chan Chui
[191] ₮ԅ ̆ ⱬȂ

ῒ Ẋ ⱬ̆▼ᵩ № Ȃץ H ҹ

̂ 3̃̆ ѿҩ ҹ f wA Aa= ̂ῒҬ wA ҹ ̆ҹԅ
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hŪhw̃̆ ↕ ⱬ ᵬ ⱬ Ҋ̔  
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2-1  Ҭ ⌠  

Fig. 2-1  Yielding surface obtained using 

models published in the literature. 

2-2  H ῤⱬ№  

Fig. 2-2  H-Section and internal force analysis 

 
y y w y

p p y y w y w w y

(2 1)

2 / 2 2 0.5 / 4 ( 0.25)f

N Af A f

M W f A f h A f h A f h

a

a

= = +

= = + ³ º +
 (2-3) 

    ⱬ ̂N̖Awfy̆ῒҬ fyҹ ⱬ̃ ̆ Ҭ ῤ̆

ⱬ ᴆ№≢ Ҋ [192]
 

 
w y w y

2

f y w y w y

1 2 1 2

( ) ( ) (1 / ) ( )z

N ht f A f

M A f h t h t t f t h h A f h

h h

h h a h h

= - º -

= - + - - - º + -

̂ ̃ ̂ ̃
 (2-4) 

ң҉ץ Ҭ h̆ ↕ ⱬN M ῏Ὲ  

2 2

2

y p

2 1
1

4 1

̂ ̃ N M

N M

a

a

+
Ö + =

+
                   (2-5) 

ⱬ ̂NůAwfy̆ῒҬ fyҹ ⱬ̃ ̆ Ҭ ̆

҉ ⱬ̨ M ῏Ὲ  

y p

4 1
1

2 2 1

̂ ̃

̂ ̃

N M

N M

a

a

+
+ Ö =

+
                   (2-6) 

׆ ̆ H ₱ ץ ҹ 

2 2

2

y p y

y p y

2 1 1
1,

4 1 2 1
( , )

1 1
1,

2(2 1) 2 1

̂ ̃

̂4 ̃

MN N

N M N
N M

N M N

N M N

a

a a
f

a

a a

ë +
Ö + - <î

+ +î
=ì

+î + Ö - ²
î + +í

           (2-7) 

     ҹԅ ₱ (2-7) № ̆ᶭ (2-5) (2-6)̆

M ҹ ⱬ̨ ₱  
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2 2

p 2

y y

p

y y

2 1 1
(1 ),

4 1 2 1

2(2 1) 1
(1 ),

1 2 1

̂ ̃

̂4 ̃

N

z

N

N N
M r

N N
M

N N
M r

N N

a

a a

a

a a

ë +
- Ö < =î

+ +î
=ì

+î Ö - ² =
î + +í

          (2-8) 

    M ⱬ 0 yNN r N= №≢ҹ 

 

2
p0

0 p

y y y

p

0 p

y y

22 1 2 2 1
( )

4 1 4 1

2 2 1 1 2 2 1
( )

4 1 4 1

̂ ̃ ( ̃

( ̃ ( ̃

MN
M N M

N N N

M
M N M

N N

a a

a a

a a

a a

-

+

+ +
¡ =- Ö =- Ö

+ +

+ +
¡ =- Ö =- Ö

+ +

  (2-9) 

    0 0( ) ( )M N M N- +
¡ ¡= ̆ (2-7) ₱ № ̆ ̆

Ḃԍ ꜚ Ȃ 

2.3 ӎῪⱵғ ῗ  

2.3.1 ῗ Ẑ  

ԋ ᾝ ѿ ῤⱬҹ̔ Tx N x M xs( )=[ ( ), ( )] ̆ῒҬ̔N x( ) ҹ

ⱬ̆M x( )ҹ Ȃ ҹ̔ T

a( ) [ ( ), ( )]x x xe c=e ̆ῒҬ̔ a( )xe ҹ

ⱬ ̆ ( )xc ҹ Ȃҹԅ ̆Ạ ҊẊ ̔ 

̂1̃ Ẑ     ╠ҹ ̆ ׅҹ ̕ҍҬ

̆ ׅ ԍҬ Ȃ Ӟ ῖ Euler-Bernoulli

Ẋ ̆ ԅ ҉ ◄ ◄ ⱬȂ  

̂2̃ Ὴ ׆    

⌠ῃ ̆ᵖ Ẋ ⱬ ⌠ ⱬ╠̆ ԍ

̆ ԅ׆ ⌠ῃ Ȃ  

̂3̃ 2J     ῖ ̂ 2J ꜚ ̃Һ ԍ ⱬ

̆ Ẋ 2J Ӟ ԍ ҉ ӈ ⱬ( ⱬ ) ӈ

̂ ̃ ׆̆ 2J ⌠ ῤⱬ ҬȂ 

2.3.2 Ⱶ ∑ 

̂1̃ ῪⱵғ ῗ     ῤⱬ ֽ №

̆ ғң ῏ Ȃ 

p

sed (d d )= Ö -s k e e                      (2-10) 
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se

0

0

EA

EI

è ø
=é ù
ê ú

k ↨ Ĕ , A , I 

Ȃ 

̂2̃ ꜠ ∑    ᶭ DruckerῈ ̆ ԍ ῏ ꜚ ̆

Ȃ 

pd dl= Öe G                        (2-11) 

/j= µ µG s  , dl , 

2.3.3Ҭ Ȃ 

̂3̃ ∑    ‰↕ ԅ ₱ ῤⱬ

Ҭ ↕Ȃ ԍ ꜚ ̆ ῤⱬ ҍ  

p

a k sed dh= ÖF k e                          (2-12) 

ῒҬ 
kh ĺĺ ꜚ

k / (1 )h b b= -̆ bҹ Ȃ 

ԍ ̆ ⱬ ҍ ṿ  

p

y i sed dh= ÖF k e                      (2-13) 

ῒҬ ihĺĺ i / (1 )h b b= -̆ bҹ Ȃ 

̂4̃ꜘ ғ ‼∑    ‰↕ ∞ץ ѿ׆ ₮

ⱴ ̆ Ҭ∞ ץ ‗

ῤ Ȃ 

a y

d 0

( , , ) 0 d 0

d 0

j

Ö >ë
î

= Ý Ö =ì
î Ö <í

G s

s F F G s

G s

ⱴ

Ҭ                 (2-14) 

2.3.3 ῗ  

↕̆ ᾢ (2-7) ₱ ḱ ץ̆  

22
aa

2

y y y

a y

a a

y y y

( )2 1 1
1 0,

4 1 2 1
( , , )

1 1
1 0,

2(2 1) 2 1

MN

N M N

N M

N M N

M FN F N

F F F

N F M F N

F F F

a

a a
j

a

a a

ë --+
Ö + - = <î

+ +î
=ì

- -+î + Ö - = ²
î + +í

s F F

̂ ̃

̂4 ̃
  (2-15) 

ῒҬ a a,N MF F ĺĺ ῤⱬ̆ p T p

a a a k se[ , ] (1 )N MF F c h= = - ÖF (e ) k e̕ 

y y,N MF F ĺĺ ῤⱬ̆ p T p

y y y y0 i se[ , ]N MF F c h= = + Ö ÖF (e ) F k e ̕ 

     [0,1]cÍ ĺĺ ̔ 0c= ꜚ ̆ 1c= Ȃ 

ⱬ ↕̆ ץ ῏ Ȃ ԍ (2-10)̆ҹ
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ԅ ῤⱬ ds̆ ᾢ pde dlȂҹ

ѿ ᴆȂ 

ѿ ᴆ̆ ⱴ ̆ ῤⱬ ׅ Ả ҉Ȃ

ץ Ҋ  

a y( , , ) 0j =s F F ,  a a y y( d , d , d ) 0j + + + =s s F F F F         (2-16) 

̔              T T T

a y

a y

d ( ) d ( ) d ( ) d
j j j

j
µ µ µ

= Ö + Ö Ö
µ µ µ

s F F
s F F

+ =0         (2-17) 

(2-10)ȁ(2-12)ȁ(2-13) ῀ף(2-11) (2-17)  

se k 1 se i 2 se(d d ) d dT T Th hl l lÖ Ö - Ö + Ö Ö + Ö Ö =G k e G G k G G k G 0     (2-18) 

 1 a/j=µ µG F ̆ 2 / yj=µ µG F Ȃ 

dlף ̆ ץ Ҋ̔  

d /L Hl=                             (2-19) 

L ⱴ ‰↕₱  

 T

se dL= ÖG k e                          (2-20) 

H  ѿҩ  

T T T

se k 1 se i 2 seH h h- Ö - ÖG k G G k G G k G=                 (2-21) 

῀ף(2-19) (2-11)̆ ῀ף ׆̆(2-10)

ῤⱬ ds ץ ҹ 

se sp sepd ( ) d d= - Ö = Ös k k e k e                    (2-22) 

 spk ĺĺ ↨ T

sp e e( /s s H= Ö Ök k GG k ) ̕ 

sepk ĺĺ ↨ ̆ ℗ ↨ Ȃ 

2.4 ғ ῗ ⅎ 

ԍ№ ᾝҬ № ̆ 2-3ῤⱬ ̂ῒҬ

M ҹ ̆ N ⱬ̃̆ ₮ ṿ ̆

ľǶĿף ╠ ľdĿ Ȃ 

2.4.1  

ף Ҭ̆ j 1j+ ̆

j j +1 ̆ ῤⱬ ↨ Ȃ
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ῒҺ Ҋ[193]̔ 

(1) ῪⱵ     
esk ῤⱬ ṿ

ȹs̆ ῤⱬ̂ 3Ҭ B Ȃ̃ 

            es= Öȹs k ȹe                       (2-23) 

        
1j j+ trials = s +ȹs                     (2-24) 

(2)     ᾝ ѿҩ № ̆ ῒ ῤⱬ
1j trial+s ῀ף ₱ 1

y

j trial j j

aj +s F F̂ , , ̃̆ jṿ jStatĕ ᶛ

[194]
r 1j State+ Ȃ 

  jState=0̆ ҹ ̔ 

̂ã
1

y

j t r ia l j j

aj + ¢s F F̂ , , ̃ 0 ,↕ ╠ Ӟҹ פ̔ 1j State+ =0̆r=1̕ 

̂b̃ 1

y

j trial j j

aj +s F F̂ , , ̃ 0 ,↕ ╠ ҹ פ̔ 1j State+ =1̆ r̂

2-3 Ȃ̃ y

j j j

arj =s + ȹs F F̂ , , ̃ 0 Taylor ̆ ԍѿ  

 ( )y y |
/ j

j j j j j j

a arj j j= µ µs + ȹs F F s F F s ȹŝ , , ̃ ̂ , , ̃+
s

  (2-25) 

׆ ᵌ ᶛ (2-26)  

 
( )

y

|
/ j

j j j

a
r
j

j
=
µ µ Ö

s F F

s ȹs

̂ , , ̃

s

  (2-26) 

  jState=1̆ ҹ ̔ 

̂ã
1

y

j t r ia l j j

aj + ¢s F F̂ , , ̃ 0 ,↕ ╠ ҹ פ̔ 1j State+ =0̆r=1; 

̂b̃ 1

y,j t r ia l j j

aj +s F F̂ , ̃ 0↕ ╠ ҹ פ̔ 1j State+ =1̆r=0Ȃ 

(3) ῪⱵ     ȹe ῤⱬ ȹs  

           p p

se se(d d ) (d d )
j j

j j r
r= Ö - = + Ö -ñ ñ

e+ȹe e+ȹe

e e+ȹe
ȹs e e ȹs k e ek    (2-27) 

⌠ ╠ ֟ ῤⱬ ̔ 

1 r=ȹs ȹs                          (2-28) 

֟ ῤⱬ ̔  

p(d d )
j

j s
r

= Ö -ñ
e+ȹe

2 e
e+ȹe

ȹs k e e                     (2-29) 

ῤⱬ 1 2= +ȹs ȹs ȹs  

(4) ῗḪ     ῤⱬȁ ȁ ῤⱬȁ ῤⱬ

↨ stk Ȃ 

1j j+s sȹs= +                         (2-30) 
1 p p pj j+e e ȹe= +                       (2-31) 
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1 p

k

j j

a a seh+ = + ÖDF F k e                   (2-32) 

1 p

y y i se

j j h+ = + ÖDF F k e                    (2-33) 

1

st se sp sep( )j+ = - =k k k k                   (2-34) 

M

N

ȹe

rÖȹe (1 )r- Öȹe

s
j

1
s

j trial+

sȹ
1
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j+ '
1
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( ) 0j =s

 
2-3  ῤⱬ ҍῤⱬ  

Fig. 2-3 The schematic of force space and force trajectory 

2.4.2 ῗ ⅎ 

ӊ 2 (1 )r= -ȹe ȹe ֟ ῤⱬ 2sȹ ̆

( 2- 29)̆ ԍ № ℗ ̂ 2-3̃ Ȃ 

Ѓ1Є⅓  

p p

2 2(d d ) ( ) 
j

j s s
r

= Ö - = Ö -ñ
e+ȹe

2 e e
e+ȹe

ȹs k e e k ȹe ȹe             (2-35) 

ῒҬ̔ 2 (1 )r= -ȹe ȹeȂ 

ᶭ (2-22) ̆ ӊ 2ȹe ֟ ῤⱬ
2ȹs ҹ 

e p 2 ep 2( )s s s= - Ö = Ö2ȹs k k ȹe k ȹe                (2-36) 

Ҭ epsk ҹῤⱬ ↨⌠ ↨ Ȃ 

Ѓ2Є  

(2-36)Ҭ epsk 2-3Ҭ C ℗ ↨ ̆ Ӈ 2ȹs C ℗

̕ ԍ €̆ 1 ( )j D+s' ӊ Ȃ ץ

̂ ̃ᶏ 1 ( )j E+s ҉Ȃ 

ḱ ῤⱬ ⱴѿҩḱ  

 ad= Ös G                         (2-37)                                   
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ῒҬ̆a ѿҩ ᶛ ̆ ᶏ ᴆ ḱ ῤⱬ Ҋ

⌠  

1 1

a y a y, , , ,j j aj d j+ + Ö+ +s s F F s G F F̂ ' ̃=̂ ' ̃=0        (2-38) 

ѿҩ῏ԍ a ă ץ ₮ ṿ Ȃ

ѿ יּ ̆ ԍѿ ̆↕ aȂ 

1

a y

T

, ,j

a
j-

=

+ s F F

G G

̂ ' ̃
                      (2-39) 

׆ ḱ ῤⱬ  

1 1 'j j a+ + + Ös s G=                        (2-40) 

2-3 ῤⱬ Ҭ̆ OA j ῤⱬ j s̆ AB

ῤⱬ ṿȹsȂ AC ⌠ ╠ ֟ ῤⱬ

1ȹs ̆ CD ֟ ῤⱬ
2ȹs Ȃ OE

j +1 ῤⱬ 1j+s 

2.5 ẅⅎ ᶡ 

ҹԅ 2.3 ₮ ̆ ץ≢№ ҹᶛ

ԅ ⱬ № ץ̆ ҹᶛ ꜚⱬ № Ȃ 

2.5.1 Ⱶ ⅎ ᶡ 

ץ H ҹ ̂₃ᵥ ̆ Ḥ 2-4̃̆ ῒ ҹ

Q235̆ ҹ WA250×250 ̆ P/Ny=0.58Ȃ ⱴ

2-5 ᵝ ̆פ ⱬ № Ȃ  

2.5.1.1 ғⅎ  

̆ ѿҩ ԍⱬ ᾝ ̆ ᾝ Gauss-Lobatto

№̆ 5 ҩ № ̆ ᾝ ҹ 10
-8Ȃ ң ̔

ꜚ/ ̂ ᵬ F̔iber-KinH/IsoH̃ ꜚ/

̂ ᵬ̔Section-KinH/IsoH̃̆ ҹ b=0.03Ȃ

̂ ⅞№ 2-1̃ᶏ ̆ ץ

ԍ Ȃ ̆ ԅ ᵌ Clough Ҭ

̂ ᾝ [178] ѿҩ ᾝ̆ Ã

( ᵬ̔Hinge-KinH)Ȃ 
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2-4 ⱬ №  

Fig. 2-4 Static cycle analysis of a 

cantilever column 

2-5 ҍ ᵝ  פ

Fig. 2-5 Vertical load and horizontal 

displacement commands at the top node  

 

2-1 H ⅞№  
Table 2-1  Fiber division scheme of H-Section steel 

WA250¦250 
 

wh  

 

wt  

 

fb  

 

ft  

̂nf̃ 10 1 1 2 

№ ̆ᾢ ̂Newton-Rophson, N-R ̆ף 10
-6̃

ⱴ ̆ ᵝ (N-R ̆ף 10
-6

) ⱴ ᵝ ̆

№ Ḡ ԅ ѿ Ȃ № MATLAB

̕ ̆ ’̆Ӟ OpenSEESҬ noninearBeamColum

ᾝȁWsection Hardening ԅ№ Ȃ 

2.5.1.2 ẅᴕ  

  ῏ԍ ᵣ ̆ 2-6 ₮ԅῒ ◄ⱬҍ ᵝ

̕῏ԍ ̆ ҍ ῏ 2-7 ̆

ⱬҍ ῤⱬ 2-8 ̆ ȁ

ῤⱬȁ ⱬ 2-9 Ȃ 

2-6Ҭ̆ ꜚ/ ̂Section-KinH/IsoH̃

ᵣ ҍ OpenSEESҬ ꜚ /

(Fiber-KinH/IsoH) ̆ ꜚ Ҭ

̂Hinge-KinH̃ ҍ╠ң ≢ ̆ ₮

ᵣ ΐ Ȃ 
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a) ꜚ  

a) Kinematic hardening 

b)  

b) Isotropic hardening 

 2-6 ◄ⱬҍ ᶷ ῏  

Fig. 2-6 The curve of base shear force with respect to top lateral displacement 

 

2-7 Ҭ̆ ⌠

῏ ≢ ԍ ‰Ҍ ̔╠ ץ

ҹ ‰̆ ῃץ ҹ ‰Ȃ ‰ ≢̆

ᵖ ᵌԍ H Ҭ ң̆ ₃Ӎ

̂ 2-6 Ȃ̃ ץ
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a) ꜚ  

a) Kinematic hardening 

b)  

b) Isotropic hardening 

2-7 - ῏  

Fig. 2-7 Moment-curvature relation of the bottom section 

 

2-7 2-8 ̆ ₮ ꜚ/ ̆

ⱬҍ ᵬ ̆ ԍ ⱬ ̂ ҹ 0.58̃ ̆

ҹῃ 0.55 Ȃ 
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a) Kinematic hardening 
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Fig. 2-8 Internal force path and yield surface of the bottom integration section 
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ꜚ( 2-8 a))Ȃ 2-8 b) 2-9 b) ̆ ₮

ΐ ̆ ̆ ῤⱬ yNF yMF

ⱴ̂ 2-9 b̃ ̃̆ ( 2-8 b))Ȃ 

0 20 40 60 80 100 120 140 160

-100

0

100

M
 (

k
N

m
)

 

 
Section Fiber

0 20 40 60 80 100 120 140 160
-300
-200
-100

0

F
a
N

 

 

ⱬ (kN)

0 20 40 60 80 100 120 140 160

-5

0

5

F
a
M

 

 

 (kNm)

0 20 40 60 80 100 120 140 160
0

1  
 

(0
/1

)

ⱴ  (1)  

0 20 40 60 80 100 120 140 160

-100

0

100

M
 (

k
N

m
)

 

 

Section Fiber

0 20 40 60 80 100 120 140 160

1800

2000

F
yN

 

 

ⱬ (kN)

0 20 40 60 80 100 120 140 160
180

200

220

F
yM

 

 

 (kNm)

0 20 40 60 80 100 120 140 160
0

1

(0
/1

)

ⱴ  (1)  
a) ꜚ  

a) Kinematic hardening 

b)  

b) Isotropic hardening 

2-9 № ȁ ῤⱬȁ ⱬ  

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

the bottom integration section 
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GHz, ῤ  2.0 GB̃ ҉ Ȃ׆ 2-2 ̆

ҹ 20%̆ ԅ 4Ṑ҉ץȂ 

2-2  

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

 ’ tA (s) tB (s) ̂tA/ tB̃% tB/ tA 

ꜚ  5.26 31.55s (MATLAB)  16.7% 5.99 

 4.95 27.73s (MATLAB)  17.9% 5.60 

: MATLAB̆ ̔  IV  , Һ  2.8 GHz, ῤ  2.0 GB. 
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2-10  

Fig. 2-10 The computing model of 1 storey 1 bay steel plane frame 
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2-3 Ḥ  

Table 2-3 Models building information and time consumption 

’ ≢ ’ 1: Section ’ 2: Fiber ’ 3: Hinge 

 NM   +  

ᾝ  ᾝ ᾝ № ᾝ 

 MATLAB  OpenSEES /MATLAB MATLAB  

 4.701958 22.909445 (MATLAB)  0.700381s 

῏ԍ № ̔ᾢ ̂N-R ̆ף 10
-6̃ ⱴ

̆ alpha-Operator Splitting (Ŭ-OS) № [196]̆ ⱴ ᵬ

ꜚⱬ№ Ȃ № MATLAB ̕ ̆

’̆Ӟ OpenSEESҬ noninearBeamColum ᾝȁWsection

Hardening № Ȃ 
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a) Time history of horizontal 

displacement of Node-3 

b) ◄ⱬҍ ᵝ ῏  

b) Base shear force vs. lateral 

displacement 

2-11 ᵣ  

Fig. 2-11 Global response of the 1-bay 1-story plane frame structure 
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a) ҍ ῏  

a) Moment ratio vs. section curvature 
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b) Force path and section yield surface 

2-12 ’ A ’ BҊ  

Fig. 2-12 Local response comparison at bottom section of left column between Case A and B 
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a) Moment ratio vs. section curvature 
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b) Force path and section yield surface 

2-13 ’ A ’ BҊ 112  

Fig. 2-13 Local response comparison at bottom section of column 112 between Case A and B 
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a) Bottom section of the left column 

b) №  

b) Bottom section of the right column 

2-14 ’ A ’ BҊ 111 112 ῤⱬȁ  

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

between Case A and Case B 
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Ȃ ң ’ ȁ ⱬ ῃ ̆
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ⱬᵬ ̆ғ ԅ Ȃ 

῏ԍ ̆ ҈ ’ MATLAB ̆ ҹ Intel 

Pentium IV ̆Һ 2.80GHz, ῤ 2.5GB̆ ↓ԍ 2-3ҬȂҍ

’ B ̆ ’ A ԅ 4Ṑ(22.90/ 4.70-1)Ȃ 
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FIBER-M̃ ȂҌᵖ ԍⱬ ᾝ̂FBẼ ̆ ғ№
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Fig. 2-15 Model building of steel plane frame by DBE 
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Fig. 2-16 Moment-curvature relation of the bottom section of the right column 
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Fig. 2-17 Internal force path and yield surface of the bottom section of the right column 
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ԍ 5ҩ ԍᵝ ᾝ̆ 1ҩ ԍⱬ ᾝ ₮

ⱬ ’Ȃ ԍ ᾝ ̆ Ӟ ̆ ̆ ԍⱬ

ᾝ ΐ ⱬȂ 

2.5.2.2 ҩ ꜠Ⱶⅎ ᶡ 

ѿҩץ     ң ̂ 2-18 ̃ҹᶛ̆ ҈ ̆

ң ̆ ҹ ₀ ̆ 2-18 a) Ȃ ̆ғŶ

ŷ ҉ Ȃ Ŷ ҉ ҹ

̆ῒ₃ᵥ ȁ ȁ ҍ Ḥ 2-18 b)̆ ᴆ
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a)  

a) Planform of the prototype steel frame 

b) ҍ Ḥ  

b) Dimensions and loads of the plane frame  

 2-18 ң  

Fig. 2-18 Plane steel frame structure to be studied 
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ᵬľSectionĿ, ԋ ’ ԍⱬ ᾝ ̆

ᵬľFiberĿ̆ ҈ ’ [178]Ҭ ᾝ ѿҩ
1̆ ᵬľHingeĿȂ ҈ ’ MATLAB ̆ῒҬ ԋ

’Ӟ OpenSEES ԅ ̆ ץ Ȃ ԋ ’Ҭ̆H

⅞№ 2-1Ȃ╠ң ’ ᾝ̆ᶏ

Gauss-Lobatto № 5ҩ № Ȃ 

2-4 H  

Table 2-4 The section dimension and features of welding H section steel 

ᴆ 

 
 

 (mm)  (A) 

(cm
2
) 

 (Iz) 

(cm
4
) d bf tw tf 

 

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 

    ᾢ Ҋ ⱬ№ ̆ ̆ ף

ҹ Newton-Raphson̆ 10
-6Ȃ ᵬ Ҋ ꜚⱬ№ ̆

Ŭ-Operator Splitting
[196] № ̆ № 0.01s, Ŭ -1/6̆

OpenSEES alpha-OS Ҭ̆alpha 5/6Ȃ 

2-5 H ⅞№  

Table 2-5 Models building information and time consumption 

 ’ ’ A: Section ’ B: Fiber  C: Hinge 

 NM   +  

ᾝ  ᾝ ᾝ ᾝ 

 MATLAB  OpenSEES /MATLAB MATLAB  

 131.725612 603.739521 (MATLAB) 20.700381s 

2-19 ԅ҈ ’Ҋ ᵣ Ȃ ’ A Ҋ ᵝ

ҍ ’ B Ҋ ̆ 2-19 a) Ȃ ’ A Ҋ

ᵝ Ӟҍ ’ B ̆ 2-19 b)Ȃ ӊҊ̆ ’ C

ᵣ ҍ╠ң Ȃ ֓ ₮

                                                 
1 A Ҭ ԅῒҍ ұ   
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Fig. 2-19 Global response comparison between Case A , B and C 
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a) ҍ ῏  

a) Moment ratio vs. section curvature 

b) ῤⱬ ҍ  

b) Force path and section yield surface 

2-20 ’ A ’ BҊ 111  

Fig. 2-20 Local response comparison at bottom section of column 111 between Case A and B 


































































































































































































































