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B=-K;'Ak~-K;'Ak (24)

SR CA F78E T3 — 25k i ().
Helpdts, PR LR 077 B s AR
(25) HfRS 0

(Ko +mAk)r™ =R (25)

e YRR E SN v i — AN E R
ETF ERORERLET T, TUAHBMT
& 1B 47 7% (ICA2):

1) %

Ak = AK/m (m X IEE¥) (26)
(2) B=-K;'Ak (27)
(3) XF k=1,2,---,m, &

pi) = ) B = BrM) (=23 5) (28)
Hr r® = To-

(k) _ r.(k) (k) (k)

T =y Ty s (29)
KW =" (Ko + k- Ak)r(P (30)
R =R (31)
K\y® = Ry (32)
p(h) = p Ky (k) (33)

(4) Z ML RSN » = (™).

BARSCHR [15] A IR AR BB 77 Bt R T
W € 32 20 8 3 1 AR, (B AR B UOR AU 2 R AR
MR EHMHE B i (F—UE{N B H#lAR),
T AL 4 9 ICA2 AR AERAHT i HE— B EH]
Al NBHECRRY, BR ICA2 HA®M, BAK

AR AR A 3B AT ¥ R B RO R B B {E T
ZHI (m — 1) x n® WRBGEH (i n MR
FUE R, HEMMELLLERR, ICA2 FHK
TR DR AR AT (R S AR TR EE
KB BRI ).

3.3 HiEFHE 3(ICA3)

SE4 0T ICAL A ICA2 PR LI & A KIHE A,
A 7E ICA2 W — 4 PaEEd FE i 5] AN ICAL J5 i3k
TR B IE, TB R —F IR & 451§ ) 8 i 5k
(ICA3). ICA3 Hyi+ 5 BN -

(1) 4 Ak = AK/m (m AHIE##), B =
-K;'Ak.

) WMT k=12,
R r®

,m, ¥R ICAL K@ 5

(Ko + k- Ak)r® = R (34)

(3) S5 PL R EAUEL r = (™),

LB IR, 7 LRI Eb% (2) o, 4k B
T IR R IR (B = — K ' Ak), BIfEEE B 1
IR, XRE A, BREDE (2) PIATA
BAG IE 1 5 T F T B4R B' = — K ' (k- Ak), H
HF B = kB, HIlLiEH B £ B RaPWHEE
P R
3.4 BHEENRBTERS

£ 1HHMT 4 FOEMESHEE: (CA, ICAL,
ICA2, TCA3) 7 B 2 3K 8 0 45 U 148 77 7 1 5 1 5
¥ (DIR) MARBGEE R, Hh NAO EREHERK
REBEUE, n HLMER A HER. TR
T 2 T 0 T T 9

R1 EMHFEPHRBEE R

Table 1 Numbers of algebraic operations of various methods
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™ 20 kN/'m 20 kN/'m 20 kN/m
4 BEEH 65 1N, AT I L
30 kN/m | 30 kN/m | 30 kN/m
4.1 E#l 1 65 KN 3V i v e b ¥ v v v b i e v bbb aviviiies 1
5 30 kN/m | 30 kN/m | 30 kN/m
A3 85 12 RAREAR LR, Gty R ARG 65 KN, {THTT1i0 T T THITEEY 1
1, MOREBREERE E = 2.06 x 10° MPa. % 8% o5 oy 120120 | 30km | 30 kN
AN 3 AN HHRE, TSR B SR A B R 144 I T I TR TT IR T T TN O
_ . . . 5 30kN/m | 30 kN/m | 30 kN/m
S P 1E AL S R AT AR AL B, B E AL R 6 R
4T AN A A 1 . 30kN/m | 30 kN/m | 30 kN o
P AR B 63N, Fontrari it ; 9
AL TR R AR T S B — B, BE R o 20K M| 30N m | 30kNm|
65
~F HM194x 15069, BRI A = 39.7601?[12, i’ I T é
30kN/m| 30kN/m| 30kN/m|
’ = Z. X cm-.
PSR T = 2.74 x 103 4 65 KN VI iy T T v T T HT T 5
Atk 9 £ — 30 KN/m | 30 KN/ | 30
M 2: M PR S BN 2 B 65 1N {73 (3 LHEH T LI EREIEN L
~ 30 KN/m | 30 KN/ | 30 K
B2 TH2HNESH 65 KN [T H LB BT G
Table 2 Cross-sectional parameters of individual 2 30 10m | 30 km | 30 KN/m
C Vi ; 65 KN 443 vy v vt by v AP e PP TTTEETY
Storey Steel type/ ross” omen 30 KN/m | 30 KN/m | 30 KN/m
number mm sectional  of inertia/ S AR T T T R TR I 1
area/cm? cm?
1~4  HN900x300x16x28  309.8  4.11x105 1 1 1 A —
| 6m | 6m | 6m |
column 5.8 HNT700x300x13x24 2355  2.01x10° : : : “
9~12  HN450x200x9x14  97.41  3.37x10% m1 3R 12 e
beam ™6 HN248x124x5x8  32.89 3.56x103 Fiel 3bay 12 .
7~12 HN200x100x5.5x8 27.57  1.88x103 ig-1 3-bay 12-storey steel frame

HAMAR 1 FIANME 2 43 551 4 48 BT FME U 1 45
. 5K 1MW, ME 2 FHNEESERET
KRB, 7 ERR AR ASEY. &4 4 1) A8
MHBRIBE BT, HARLTEE M 0.69(1880/2740) F|
150(411000/2 740), BEA /MR BE 98N, XA K i B2

B, BEAME 1AL ro EESKH, WA 45
SKH CA, ICA1, ICA2 Fil ICA3 MU F 3t ALl 5 4347 77 3%
K HAME 2 HEEELUME r(ZRINE 3 FiR).
AT, 3 HRAHTEREBEEAMNT AKK
FRBE (BIE 1 &5 35 R K P BE).

#3 3IE 12 BMERELESTER

Table 3 Approximate reanalysis results of 3-bay 12-storey steel frame

r(CA)/mm r(ICA1)/mm r(ICA2)/mm r(ICA3)/mm 7* /mm
Storey s =10 s =10 s =10 o
number s=10 s=230 m=2, m=2, m=3,
ss=1 ss=2 ss=3 m=2 m=3 m=4
ss=1 5§ =2 ss=1
1) (2) 3) 4) (5) (6) (M) (8) (9) (10) (11) (12) (13)
1 16.75 17.26 15.37 16.44 16.34 16.21 16.03 16.06 16.57 16.43 16.54 16.44
2 61.41 61.88 56.40 59.79 59.40 59.42 58.73 58.72 60.04 59.68 60.04 59.74
3 126.32 126.02 116.14 122.39 121.58 122.88 121.62 121.38 122.56 122.08 122.66 122.19
4 203.17  203.57 188.72 197.9 196.74 199.18 197.81  197.43 198.02  197.49  198.22  197.65
5 291.87  292.15 273.49 285.81 284.31 285.77  284.82  284.55 285.6 285.27  286.06  285.52
6 392.28 391.08 368.45 384.51  382.56 383.72  382.93  382.67 383.31  383.73  384.27  384.12
7 497.86  498.43  469.98 489.96  487.85 491.84  491.00 490.57 487.57  489.35  489.25  489.79
8 602.24 607.33 574.53 59849  596.66 604.44 604.40 603.99 595.25  598.69  597.67  599.08
9 691.74 703.11 680.22 705.62 705.82 712.38 714.62  715.00 702.74  708.14  706.07  708.61
10 754.83  771.15  773.79  799.18  802.68 797.82  803.45 805.45 797.62  804.86  801.98  805.93
11 797.63  817.37 846.43 875.97  882.29 859.33  868.68  872.60 875.97  884.61  881.11  886.59
12 824.54  846.68  900.16 937.15  946.14 901.62 914.64  920.52 938.53  948.90  944.50  951.77
ME /% 13.37 11.04 6.51 1.54 0.61 5.27 3.90 3.28 1.39 0.3 0.76 —

NAO

4.32x10% 1.39%10% 9.06x10% 1.36x 106 1.81x10% 8.86x10° 1.32x10° 1.75x10% 1.83x10% 2.74x10% 2.74x106 1.02x10°
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# 3 1 r(CA), r(ICAL), r(ICA2), r(ICA3) 4
W# 7R CA, ICAL, ICA2 fil ICA3 T4 77 ik
BRpEERL R I, o W3R H B SRR 250 1 40
BHBBIAMERLEERR. ME RRELUNBHE
5KHABEZRNERNIRE, HEBTHALTHE

ME:max{M x 100%}, i=1,2,--,12
’ (35)
Hep, v ey SRRSEHPE | BERANT R
1) 7K P A% 3 AU E 5 R W

M 3 HAL, X TR KBS dif, B4k CA
TR RRE A M, BRfE R K& m &AM (s = 30),
BRIRENEF 11.04%; TiRA ICAL, ICA2 FI
ICA3 J7¥:, WInfER /N m &, BORBEBHERE
AT HE T 3RS LB R RS AR, T EL SR AR RS B R
B S S B B K AW R

it ® 3 HF (4) F15) (7). F (5) F5 (8) %)
BLE A (6), 1 (9) FA%1 (10) f LB AT %0, 7EfR%E
HRBABAFE AT T, ICAL iR MRS B F =
&, ICA3 &z, ICA2 B{%. 1 NAO ~1.8x10°
wit, ICA1, ICA2, ICA3 5 KR 2 ME 4054
0.61%, 3.28%, 1.39%. M4k, i3 (11) F1%] (12)
M LBR AT B, X TR ICA3 S, 7ERIFEK#
BMEFRRT (NAO=2.74x10°), #§ K ss T LLH K
m BAFY, XFEFMIESE T ICAL KRB EE
Wi BE L ICA2 5.

P 3 FUMEEEANFE ST Kt E &7
WA LUR I, BRTE (2) . 28 (4) M (7) SO0
AN, B EEA CA BRI ICAL, ICA2 fI ICAS3,
Z I EE R, X 2R SHH AR, 745
BrIR e sn, XEZERHTEG 1 K5 REHE L

BN, USRI CA Sk p k.

4.2 &EH 2

B4 5 50 EMRELREEM, S5HJLAT R F R A
WE 2 g, SRR E E = 2.06 x 10°MPa. %
IR R 3 DA BB, WEHERE A RSN
750. BEHT. RAMKRTSHME 4 Pin. WNE
4 ATDUE Y, RIS, BEUs KR
T BRI ISP 2 3 2 188 ORI B 16 A5 T 160 s T4
BRI AL AR X BN, B EURRIEE 1 2 20 R
T AR PE R 3 K BB BT 9 1.1 4, HRZR R
SHON BN BNE BT 0.9 A%, B AT L, BT S
S SBAEREMAK, W HRLIEFE B,
M ZEB K.

’JEI
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B2 4850 JRMHER
Fig.2 4-bay 50-storey steel frame

x4 4B 50 BWMERSHRA. FHRENBESH

Table 4 Cross-sectional parameters of 4-bay 50-storey steel frame

before and after modification

Column

Beam

A = 50 cm?
I =5x103cm?*

before

modification

A = 50cm?
I=5x103cm?*

after A =800 cm?

1st~20th storeys

21st~50th storeys

modification I =8x105cm*

I=55x103cm?

A = 45cm?
I =45 x 103 cm?*

A = 55cm?

BRI R SEHNE o &R, WAT 45
SEFH CA, ICA1, ICA2, ICA3 PO ff 75 1 sk i1 ik

JG S KBRS (45 RN 5 FioR). A T L,
5 HRGH TS, 10, 15, -, 50 FHER T AN
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KA ME. KIRETET 6.07%. 5Z MK, KA ICAL, ICA2

MFE 5 ATEN, XFF R B R B R, A CA
HEERMBREDER, HEMEANH s =108, FX
BREIRF] 10.14%; i He 1) B E s K F) 50 B, B

M ICA3 Jik, WWER/NEHE (s =10) . D
KRB ERBO AT T IRB S AW R E LR, ®
XL 5%.

F5 4E50 BIREREUESTER

Table 5 Approximate reanalysis results of 4-bay 50-storey steel frame

r (CA)/mm r(ICA1l)/mm r (ICA2)/mm r (ICA3)/mm r*/mm
Storey s=10 s=10 s=10
number s=10 s=050 m=2, m=2, m=3, B
ss=1 ss=2 ss=3 m=2 m=3 m=4
ss=1 §s =2 ss=1
1) (2) (3) 4) (5) (6) (M (8) 9 (10) (11) (12) (13)
5 197.51  179.92 180.85 187.39 185.72  178.62 181.06 182.26 187.6  186.02  187.43  186.42
10 619.28  588.3  545.81 565.79  560.54 565.8  560.46 559.24  564.66  561.38  564.16  562.26
15 1054.69 1042.24 957.46 984.82 980.18 1007.89 997.04 993.51  983.55 981.91  983.86  982.57
20 1440.35 1447.28 1369.41 1392.22 1391.78 1425.35 1416.33 1412.92 1393.37 1393.41 1394.56 1394.16
25 1781.76 1808.37 1750.45 1775.22 1778.39 1803.38 1800.98 1799.44 1780.81 1780.26 1782.22 1781.88
30 2070.06 2114.95 2078.56 2114.58 2118.54 2126.57 2132.05 2133.07 2122.04 2121.38 2123.7 2124.01
35 2299.86 2359.75 2342.66 2392.66 2398.43 2385.34 2398.19 2401.83 2401.43 2402.41 2404.27 2406.07
40 2470.55 2541.75 2541.28 2605.88 2614.74 2578.3 2597.71 2603.81 2615.85 2619.25 2620.37 2624.38
45 2583.31 2663.41 2681.3 2759.3 2771.71 2710.72 2736.66 274524 2770.4 2776.72 2776.84 2783.66
50 2653.38 2742.75 2779.95 2869.82 2886.21 2801.27 2833.47 2844.43 2882.04 2891.7 2890.55 2900.59
ME/%  10.14 6.07 4.16 1.06 0.50 4.18 2.88 2.23 0.64 0.31 0.54 —
NAO 1.13x107 5.82x107 2.38x107 3.57x 107 4.76x107 2.32x107 3.46x107 4.59x107 4.81x107 7.19x107 7.19%x107 1.41x10%

A AR L AT DU, e R EBUE kB A R
MHTER T, ICAL1 MKRM@RERm, ICA3 Rz,
ICA2 Befl%; T H AT T4 ICA3, 5K ss B K
m HAH K.

586 1 AFE, HTAERSEHAERK, K
I 3 Mg CA FBRAEARRSEE N T KIHE Y
A TREE BRI EE (B 5). HUICAL A4,
M oss =10, RFEEFREHE LT EP 0.17 £5
(2.38x107/1.41x10%) B AT B E HJ KR ENBE 5%
FEE LR, Y ss =3 B, AR SE I ITH
WA B 0.34 4% (4.76x107/1.41x10%) sk AT 183 5k
Wifg JLFAR R R . kA L, ASCHREE 3
gk CA B 40 k& A T KB 4 I KB ks
UL, i HE MK, Sk CA Bk SR M

HI T A CA T7ikfE R B4 R AR R B BN T2
HARTS R AF BB DU, ASCIRE T 3 At iy CA J5
¥ ICA1, ICA2 I ICA3. 2 MEFIUESE T A
P H B BOEE CA J7 ¥R T £E K 2 45 0 e A R B Bt
R RIFH TR, T ESHMBRR, Bt CA JF

HEHBCRE . X T ASCIR Rt CA J5
HRENH TSR KRB RIS MK E .
KGR IS CA KA BT oA BE B et B
RS, WK S R SRS BR fE. BeAh, A
SCHXT ICAL, ICA2 Fl ICA3 = Fofr Bt itk 45955 F) SR 8 3%
RPEAT T LB, 45 BB =F 00 RF 0CR B m 2R
4514 ICAL, ICA3, ICA2.

2 % X B

—

Noor A, Whitworth S. Reanalysis procedure for large struc-

tural systems. International Journal for Numerical Meth-

ods in Engineering, 1988, 26: 1729-1748

2 Kirsch U, Kocvara M, Zowe J. Accurate reanalysis of struc-
tures by a preconditioned conjugate gradient method. In-
ternational Journal for Numerical Methods in Engineering,
2002, 55: 233-251

3 Wu B, Li Z. Static reanalysis of structures with added de-
grees of freedom. Communications in Numerical Methods
in Engineering, 2006, 22: 269-281

4 Chen S, Yang X, Wu B. Static displacement reanalysis
of structures using perturbation and Padé approximation.
Communications in Numerical Methods in Engineering,
2000, 16: 75-82

5 Wi, BRMTE, St SN ESN KRS - Padé B

. Bk S1%2M, 2005, 26(3): 321-324 (Huang Hai, Chen

Suhuan, Meng Guang, et al. Perturbation-Padé method



® 2 M

WG KBS RGBT M ' 77k 361

for static topological reanalysis. Acta Mechanica Solida
Sinica, 2005, 26(3): 321-324(in Chinese))

6 Kirsch U. Reduced basis approximations of structural dis-
placements for optimal design. AIAA Journal, 1991, 29:
1751-1758

7 Kirsch U. A unified reanalysis approach for structural anal-
ysis, design, and optimization. Struct Multidisc Optim,
2003, 25: 67-85

8 Kirsch U, Bogomolni M. Procedures for approximate eigen-
problem reanalysis of structures. International Journal for
Numerical Methods in Engineering, 2004, 60: 1969-1986

9 Kirsch U. Approximate vibration reanalysis of structures.
AIAA Journal, 2003, 41: 504-511

10 Amir O, Kirsch U, Sheinman 1. Efficient non-linear reanal-

ysis of skeletal structures using combined approximations.

International Journal for Numerical Methods in Engineer-

ing, 2008, 73: 1328-1346

11 Kirsch U, Bogomolni M, Sheinman I. Nonlinear dynamic

12

13

14

15

reanalysis by combined approximations. Comput Methods
Appl Mech Eng, 2006, 195: 4420-4432

Kirsch U, Bogomolni M. Nonlinear and dynamic structural
analysis using combined approximations. Computers &
Structures, 2007, 85: 566-578

Kirsch U, Papalambros PY. Structural reanalysis for topo-
logical modifications—a unified approach. Struct Multidisc
Optim, 2001, 21: 333-344

Kirsch U, Bogomolni M, Sheinman I. Efficient procedures
for repeated calculations of the structural response using
combined approximations. Struct Multidisc Optim, 2006,
32: 435-446

BEE, YR, REWH. SHHSHINESTERAEEM
T8 1%, 2004, 36(5): 611-616 (Yang Zhijun, Chen
Suhuan, Wu Xijaoming. An iterative combined approxima-
tion approach for structural static reanalysis of topological
modifications. Acta Mechanica Sinica, 2004, 36(5): 611-
616(in Chinese))

(FresmsE. AA%)

STATIC REANALYSIS METHODS FOR LARGE-SCALE STRUCTRUES
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Abstract This study presents three static reanalysis methods for large-scale structures with large modifica-

tions of structural parameters based on the Combined Approximation (CA) method. For large-scale structures

with large changes in the design, the Combined Approximation method can not provide enough accurate re-

sults. To improve the accuracy of the results in reanalysis of the modified structure, three CA-based static

reanalysis methods are presented by introducing several strategies, such as displacement iterative correction

and stiffness progressive approximation. Two numerical examples are presented to demonstrate the validity

and the improvement of the proposed methods, and the results show that the methods given can provide accu-

rate approximations and can significantly reduce the computational effort involved in reanalysis of large-scale

structures with large modifications. Comparisons of the computational costs of these three presented methods

are made.

Key words static reanalysis, approximate reanalysis, combined approximation method, large-scale structure,

large modification
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