15

33

REFERENCES

Anand, S.C., and Shaw, R.H., "Mesh Refinement and Substructuring Technique

in Elastic-Plastic Finite Element Analysis', Computer & Structure,

Viol. 11, 1979, pp. 13=21,

. Bathe, K.J., and Wilson, E.L., Numerical Methods in Finite Element Analy-

sis, Prentice Hall, New Jersey, 1976.
Belytschko, T., and Schoeberle, D:F., '"On the Unconditional Stability of
an Implicit Algorithm for Nonlinear Structural Dynamics", Journal

of Applied Mechanjc, 1975, pp. 865-869.

Chang, F.T., "Elastic-Plastic Analysis of Multi-Story Frames Using an

Elastic-Viscoplastic Model", M. Eng. Thesis No. ST-79-6, Asian

Institute of Technology, Bangkok, 1979.

Clough, R.W., and Benuska, K.L., "Nonlinear Earthquake Behavior of Tall

Buildings", Journal of Engineering Mechanic Division, ASCE, Vol.
93, EM 3, 1967, pp. 129-146.

Guyan, R., "Reduction of Stiffness and Mass Matrices", AIAA Journal, Vol.

3, 1965, pp. 383.
Henshell, R.D., and Ong, J.H., "Automatic Master for Eigenvalue Economiza-

tion", Earthquake Engineering and Structural Dynamics, Vol. 3,

1975, pp. 375-383.
Hurty, W.C., "Dynamic Analysis of Structural Systems Using Component Modes",

AIAA Journal, Vol. 3, No. 4, 1965, pp. 678-685.

Irons, B.M., "Structural Eigenvalue Problem ; Elimination of Unwanted

Variables'", AIAA Journal, Vol. 3, 1965, pp. 261-962.




10.

§ [ R

12,

13

14.

15,

16.

175

18.

34

Leung, A.Y.T.," An Accurate Method of Dynamic Condensation in Structural

Analysis", International Journal for Numerical Methods in Engi-

neering, Vol. 12, 1978, pp. 1705-1715.
Lukkunaprasit, P., and Alam, J., "A Simplified Dynamic Condensation

Scheme in Dynamic Analyses of Tall Buildings', Proceedings of the

International Conference on Engineering for Protection from Natural

Disasters, Asian Institute of Technology, 1980, pp. 401-414.
Lukkunaprasit, P., and Kelly, J.M., "Dynamic Plastic Analysis Using Stress

Resultant Finite Element Formulation', International Journal of

Solids and Structures, 1979, pp. 221-240.

Lukkunaprasit, P., Widartawan, S., and Karasudhi, P., "Dynamic Response
of an Elastic~Viscoplastic System in Modal Coordinates",

Earthquake Engineering and Structural Dynamics, Vol. 8, 1980, pp.

237-250.

Massonnet, C.E., and Save, M.A., Plastic Analysis and Design, Vol. 1,

Blaisdell Publishing Company, 1965.

Neal, B.Gs, The Plastic Methods of Structural Analysis, 3 rd. Ed.,

Clapman and Hall, London, 1977.
Newmark, N.M.," A Method of Computation for Structural Dynamics'", Journal

of Engineering Mechanic Divisjion, ASCE, Vol. 85, EM 3, 1959, pp.

67-94.
Noor, A.K.; Kamel, H.A; and Fulton, R.E., "Substructuring Technique-Status

and Projection'", Computer and Structures, Vol.8, 1978, pp. 621-632,

Przemieniecki, J.S., "Matrix Structural Analysis of Substructures', ALAA

J. 1, No. 1, 1963, pp. 138-147.



35

19. Rubinstein, M.F., Matrix Computer Analeis of Structure, Prentice-Hall.
Inc., New Jersey, 1966.
20. Zienkiewicz, 0.C., The Finite Element Method, 3rd Ed., McGraw-Hill,

London, 1977.

<15512022



The kth substructure

tJ.)

36

X denotes master nodes

denotes slave nodes

0.2 (typical)

Fig.
50\ 30)
1.5 M, i3 A6 1.5 M .1'5 M;i—k—
| 4 Tr > 4
lg 2 Mo Mo M M ZMQ
_L' 1.5M ¢ 1.5M ) 1.5M | 1.5M 4
o | _ 0 o o,
L L A 1 4 1 i
£ 7l

B
substructure 1 -&—*——— substructure II

Fig. 2 (a)

For

all members
= § % 10°
9000

18

I

Proportional
load factor

denotes a nodal
point in the finite
element model

Vierendeel Girder - Geometry and Loading



Proportional load factor, A

——
- &____N___o-—-‘
2.2F /r”*,——
5 /.9-/
2.0} -
- Cl
1.8}
1.6 =
gy
—%—%— T = 3 sec., n = 51
8.5l -o-——o0——= T = 0.1 sec., n = 51
0.4F
1 1 ] ] ] 1 L L ] | ! i I ]
0.5 %6 : 1.5
: -2
Displacement, x 10
Fig. 2 (b) Vierendeel Girder - Vertical Displécement at Mid Span
~
"
o
S}
3]
o
¥ 1.2 — %% T = 3 sec., n = 51
&
o —pg———g—— T = 0,1 s€ecss n = 5L
% 0.8} ’
o
-
0.4 F
I ] ] L ] L L ] 1 | L 4
5 10

Fig. 2

Error in Vertical Reaction (%)

(c) Vierendeel Girder - Error in Vertical Reactions



38

(28.17} ~ {28.23}
(26.42) (26. 36)

{28.29} {28.22}
(26.42) (26.35)

e« denotes a plastic hinge

Values in parentheses are moments at collapse
{ } for v = 3 gae., b = 51, A= 2,25

() for = 0.1 sec., n =51, A\ = 2.10

I

Fig. 2 (d) Vierendeel Girder - Collapse Mechanism

i R e

. ————l substructure ]
- |

o 1' L

NS RO _—.;_1_____.

1 :

g |

- - substructure ]
X |

- '

) __—9_]

L ELALALAALLLE

12 FE,
o 12 EEx g

e e e =

i = 10 sin et
g

(a) (b) | (c)

Fig. (3) Five - Story Frame (a) Geometry, (b) Full System Model (25 d.o.f.)’



39

*09s ‘auWI], 0°G

wesag I00TJ PuUodaS JO puy ayj IB JuswWOR Jo asuodsay-swely A103§-9ATJ (P) € 814

sopou ¢ ‘8uranionaisqng --X—-%-

sopowr ¢ ‘waisds TIng

r

JUSWO PoZITBWION



40

_J l
e
TF { :
Colum section : i !
e
e e
o 1.6 ft. % 1.6 Et. 4 |
U4 .
o Igirder = 20 x Lecolum _7; Erl;"
N
= A = 2000 ksf 3
] ) { |
" E = 449,600 ksf bt 2
= o = 0.004658 k-sec?/ft" _] l
w —’4;—,99‘”
= Iy 15
. S
JL PL AL LALS L7, '
24 “FE, |
R --
ﬁg = 10 sifn; 6L
(a) (b)
I b
_____ __>___l EOPIRPEY. " & e W __,__j e
— —— substructure V
! substructure III f !
_____ _—1.-——: Y o TN —: substructure- 1V
- I N R
I substructure II I
4———1 ‘———1 substructure III
S —— ____..__.i _____ _———— ——.——I — e — ———
i . substructure II
! substructure I 1 l
e __p__q ety
__j__.' —J— substructure I
LA LA S, 7:77:77‘
(c) (d)

Fig. 4. Ten-Story Frame (a) Geometry, (b) Full System Model (50 d.o.f.),
(c) Model 10 A (8 generalized coordinates), (d) Model 10 B

(12 0ceneralized coordinates) .



~
<

*5984TRUY

waysdg TTnd 9y3 46 Lxo3g doy e @suodsay quswedeTdsTq TRIUOZTIOH-owelf A1035-UudL (d) % *811

sopow g ‘wa3skg TINd TTTTTTT

sopou ¢ ‘maiskg TINd

\I/

I
*09s ‘awT] |
!

D61

G0

0°%-

0°€-

o
o~
I

o
—
1

0°T

0°¢

*33 ‘jusweoerdsIq



42

AN

L

u“"\})

N

)y

75
S

7

N,

sapou
sapou

sopou G

‘d 0T T°POH

‘Y 0T T°POK
‘walsAs TN

£1035 doy 1@ °suodsay 3JuswadeTdSTIq Te3lu0Z T10H-awel] K103§-ud] (3) %

O ¢ O

_——ym

*31d

|
o
o~

I

*3371 ‘3juswadeTdsIq



43

*09s ‘auWTl Q°G

9seg uwnyo) je Juswol jo oSuodsoy-sweiy A103g-usl (B) v °*3T4

sspow 4 ‘g QT T9POW —o0— —o—

sspou # ‘Y QT T®POK

sopow ¢ ‘walsks TIng

— - e

4

|N.H|

..O-H'

4

270

7°0

9°0

8°0

JuSwWol POZTITBWION



44

weag 100Tg puodag FO Pug @Yyl 3Ie JuawOl Jo osodsay-asweirj Lroig-uey (Y)¢y 814

seopow # ‘g QT [9POWN —o— —o0—
sopow f ‘Y QT TOPOH  -——%——-==e—

sopou ¢ ‘maisds J1nd ——m8M — ”

*09s‘auT]
0]

z°0

%0

9°0

8°0

0'T

JUSWO PoZ TTBWION



ol

-

15

10

W

19 floors @ 12" = 228"

A

20!, 20}, 20",
20 Story weight=176k

198k

198k

198k

226k

226k

226k

234k

234k

234k

284k

284k
284k

288k

288k

288k

314k

314k

314k

320k

) §
LATLSFA LA AT ILL

(a)

s
7 4

A
J 7

(S 5 O

|

1
L e
5 2

AL 4

/////4'
(e)

SLLIATL S

substructure

IV

111

T

45

T

J111AR

N 2 2 s o

L

N

YYYYY

q

-

RN FAN RN FAN PN F N P %4

i.

R

\

-~

I PN PN N N RN

‘TW{\{T [il\l

S

W\

Sl

N

~

L/

|
AVEGRNE AN P4

|
VITLLITITTS

(b)

N

2

 §

P

i

14 ]

substructure

Y

., (o

substructure

4

W

LLILLLL

(d)

/A

I1Y

LT

Fig. (5) Twenty-Story Frame (a) Geometry, (b) Full System Model (160 d.o.f.)

(c) Model 20 A (30 generalized coordinates), (d) Model 20 B

(36 generalized coordinates.)



46

L1035 doy 3B @osuodsay juswedeTdSTQ TBIUOZTIOH-SUWEI] k103g-Kjuamy (@) G °3T4

sopout [/  ‘g-0C TSPOH o——>-

sopow ¢ ‘Y-0Z TPPOK
sopou GT ‘we3sdg TInd

— Y -

%o.ml
-
T0°T _ £
o
T.L
[}
0
(1)
&
3
rt
Hh
e =1 () i
1ot



47

weag 10074 PuOdag 10TI2IXJ JO Puy @Yyl Ie JUSWOR O dsuodsay-suwelryg £1o3g-A3juamy (3) ¢ ‘3Td

sepoul ¢ ‘g-07 T°POW > —°

sepow ¢ ‘V-0Z T®POW " ~T*7T

sepou GT ‘welsAg I(nd —

*D9s ‘aWTI],

0" % ¢*

JUSWOR PozZITRWION



48

mwn{oy) I10TI93UT JO JUSWOR dseg JO asuodsay-awexg Ki1oig-Ajuemy (8) ¢ *31d

sapou / ‘q 07 I®POW —o— —o—

sepow ¢ ‘Y Q7 T®POW " ~*
sopowl ¢T ‘wa3sAg TN ——
J0°T-

JUSWOl PIZTTBWION



49

=

Table 1 - Member Properties for the Five-Story Frame

Colum Size Beam Size Floof Mass
Story 2
(in x in) (in. x in) (k-sec”/ft4)
1-3 29, % 22 10 x 22 0.625
4,5 (top) 14 x 14 8 x 16 0.625
For all members : gL 367.2 ksf
E = 449,600 ksf

0.004658 k-secZ/fth

©
[l

Note : 1 kip =’4/A5 MM Al oksE. = 47,904 KN/m>

1 k—secz/ft4 =515.68 kN—secZ/mA

Table 2 — Natural Periods (in seconds) and Errors for the Five-Story

Frame
Mode Full Substructured Exrror %
No. System System
1 0.6494 0.6476 -0.28
2 0.2610 0.2497 - 4,33
3 0.1344 0.0879 -34,60
4 0.0887 0.0419 -52.76
5 0.0519 0.0185 -64,35
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“Table 3 - Maximum Horizontal Displacement at Top Story and

Maximum Normalized Moment at .the End of the Second

Floor Beam of the Five Story Frame

No. of Max, Displ. Max. Normalized
Modes Used (fts) Moment
Full System D 0.4238 1.114
With Substructuring 3 0.4295 1.098
Error, % 1.34 -1.44

Table 4 - Natural Periods (in Seconds) and Percentage Errors

(in Parentheses) for the Ten-Story Frame

Mode no. Full System Model 10 A Model 10 B
1 0.9087 0.9074 0.9101
(-0.14%) (+0.15%)
2 02937 0.2792 0.2901
(-5.58) (-1.89)
3 0.1656 0.1459 0.1582
(-11.89) (4.47)
4 0.1190 0.1050 01131
(-11.74) (-4.96)
5 0.0937 0.0759 0.0904
(-18.97) (-3.52)
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Table 5 - Maximum Horizontal Displacement at Top story and

Maximum Normalized Moment at Column Base of the Ten-

Story Frame. (Figures in parentheses are the percentage

errors)
No. of Max. Displ. Max. Normalized
Modes Used (£t.) Moment
Full System 3.042 1.0488
Model 10 A 24 772 0.9609
(-8.87%) (-8.38%
Model 10 A (large error) (large error)
Model 10 B 2,970 1.0054
' (-2.37) (=4.14)
Model 10 B 3141 1.0298
(+3.25) (-1.81)
Table 6 - Member Properties for the Twenty-Story Frame
Relative Stiffness of Columms and Girders, Ratio (EI) (EI%.
Story Exterior Column |Interior Columm Girders
18-20 1.0 2.0 4.0
15-17 1:5 3.0 6.0
12-14 3.0 6.0
9-11 445 9.0 8.0
' 6-8 6.0 12 .5
3- 10. 20.0
= o 10.0
1-2 12,0 24,0
Reference Stiffness (EI)(j = 133,500 k—ft2
E = 4,176,000 ksf
o = 5,184 ksf

Note :

o}

1 kef = 47.904 KN/, 1 k-£t = 0,413 ki

2
- m
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Table 7 - Natural Periods (in seconds) and Percentage Errors

(in Parentheses) for the Twenty-Story Frame

Mode no. Full System Modél 20 A Model 20 B

1 2.8080 2.8264 2.8239
(+0.65%) (+0.57%)

2 1.0074 0.9616 0.9756
(=4.55) (=3.16)

3 0{5648 0.5116 0.5216
(=9.42) (~7.65)

4 0.4144 0.3922 0.3951
(-5.36) (-4.66)

5 0.3750 0.3415 0.3484
(-8.93) (~7.09)

6 0.3033 $.1931 0.2575
(-36.33) (-15.10)

7 0.2@05 0.1447 B.1951
(-39.83) (-18.88)
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Table 8 - Maximum Horizontal Displacement at Top Story and Maximum

Normalized Moment at the Left End of Exterior Second Floor

Beam of the Twenty-Story Frame (Figures in Parentheses are

Percentage Errors)

No. of Max. displ. normalized
Mode Used (fr.) momen t
Full System 15 1.780 1.075
Model 20 A 5 1.879 1.026
(+5.56%) (-4.56)
Model 20 A 7 1.878 1.118
(+5.50) (+4.00)
Model 20 B 7 1.835 1,032
(+3.09) (-4.00)

Table 9 C.P.U. Time for the Twenty-Story Frame Analyses

Percentage Difference

No. of Execution
Modes Used Time Compared with that of
the Full System
Full System 15 30 min. 19 sec. R
Model 20 A 5 37 min. 51 sec. + 24,857
%
Model 20 A 5 29 min. 02 sec. - 4.23%
Model 20 B 7 40 min. 35 sec. + 33.867%
Model 20 B 7 30 min. 52 sec. + 1.81%

* denotes analyses without substructuring but the full system

coordinates are reduced to retain only the master coordinates
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