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Structural analysis and optimization of high-rise apartments with
concentrically braced steel frame

MA Yimin, MA Hongwei , WENG Yixian, YANG Zhiyuan
(School of Civil Engineering and Transportation , South China University of Technology , Guangzhou 510641 ,China)

Abstract: Concentrically braced steel frame (CBF) structure is often used in high-rise buildings as a dual lateral
force resistance system. The horizontal load calculation involves the distribution of shear force between the two
lateral force resistance systems, and at present, the simplified theoretical calculation methods of the distribution of
total shear force are based on the ratio of the lateral rigidity of the bracing system and frame system, or the
deformation compatibility of the two systems. For high-rise buildings, especially for long-striped apartment
buildings with shrinking body shape, there are deviations in the theoretical calculation methods, and the
applicability of the two theoretical calculation methods needs to be evaluated. Meanwhile, the length-to-width ratio
of the long-striped building is large, and there are many frames along the long side of the building. Compared with
the conventional CBF structure, the frame system shares a larger shear force. From the point of view of force
distribution, the beam-column joint can be set as hinged, so that the bending moment at the column ends can be
released, and the shear force shared by the frame system can be reduced. Therefore, the distribution ratio of the
shear force between the bracing system and frame system can be changed to reduce the frame column cross section
size and steel consumption. This optimization method achieves weight reduction by changing the internal force of
the force-bearing system, which is worthy of attention. The analysis results of a 12-story long-striped high-rise
apartment show that: for a long-striped apartment building with shrinking body shape, the distribution of shear
force between the two lateral force resistance systems achieved by the theoretical calculation method based on the
deformation compatibility is close to that achieved by the software, and the maximum error is minus 13. 9%, while

the results achieved by the theoretical calculation method based on rigidity ratio is quite different from that achieved
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by the software. After some of the beam-column joints of the frame system are set to be hinged, the ratio of the

shear force shared by the bracing system and the frame system to the total base shear force increases by 4% and

decreases by 4% , respectively. When the column cross section of the frame system is reduced and the period ratio,

the maximum story drift ratio and the maximum stress ratio of the structure are kept unchanged, the unit steel

consumption of the structure can be reduced by 4. 7%.

Key words: concentrically braced steel frame; shear force distribution; deformation compatibility; structural opti-

mization; theoretical calculation
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Tab. 2 Anti-push rigidity of supports C,
=33 h/mm b/mm L,/mm T A, /mm?® Ay /X107°% mm y/ X107 rad Cy/N + rad™!
12 3 600 3 450 4 986 0.72 19 494 1. 30 3. 60 2776 014 144
115 4 4 500 3 450 5670 0. 82 1.91 4.24 2 359 536 834
3,2 3 200 3 450 4706 0.68 1. 09 3.41 2935 934 526
1 5 500 3 450 6 492 0. 94 24 654 2.26 4.12 2 429 687 849
4 250 6 951 0. 82 1. 83 3.33 3 004 940 592
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Tab.3 Equivalent flexural rigidity EJeq,i of the weighted
average equivalent wall
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Tab. 4 Pushover moment and base moment of each floor

HREE  F/kN h, /m F, + h,/kN - m
12 181 51. 5 9 301
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9 414 38.9 16 118
8 395 34.4 13 576
7 371 29.9 11 106
6 347 25. 4 8 815
5 320 20. 9 6 691
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2 177 8.7 1542
1 207 5.5 1141
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12 127. 32 0 —28  —918
11 118.42 442 —16 —525
10 107. 29 950 —6 —197
9 96. 17 1408 1 33
8 85. 04 1816 9 295
7 73.92 2173 17 557
6 62. 79 2 481 25 820
5 51. 67 2 739 34 1115
4 40. 54 2 946 44 1 443
3 29.42 3103 53 1738
2 21.51 3 185 63 2 065
1 13. 60 3241 73 2393
0 0. 00 3278 100 3278
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Tab. 6 The first five modes’ period of YJK and SAP2000

A5 YIKRM/s  SAP2000 Fi#l/s  ZfE/%
1 2. 44 2.28 -7
2 2.29 2.06 —10
3 1.87 1.75 —6
4 0.78 0.74 —5
5 0.76 0.73 —4
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Tab. 7 The calculation table of equivalent flexural rigidity of the equivalent wall and anti-push rigidity of pure frame

5 0 S5 S Sl HE B
=32 Ci/>X10* N « rad™! C./X10° N« rad™! P EJ,Q/Xl()17 N - mm’ ; .

Ui S5Hn o8 14 SEn om 1@ e om 1@ sm om "

12 0.70 0.77 0.70 2.85 2.85 2.85 0.016 0.016 0.016 1.036 1.037 1.036 3.17 1. 14

11 0.49 0.53 0.49 2.41 2.41 2.41 0.019 0.019 0.019 1.006 1.006 1.006 1.76 0.79

10 0.49 0.53 0.53 2.41 2.41 2.41 0.019 0.019 0.019 1.006 1.006 1.006 2.00 0. 90

9 0.91 1.05 1. 05 2. 45 2. 46 2. 46 0.030 0.030 0.030 1.437 1.439 1.439 3. 86 1. 74

8 0.91 1.05 1. 05 2.45 2. 46 2. 46 0.030 0.030 0.030 1.437 1.439 1.439 4.21 1. 89

7 1.21 1.45 1. 45 2. 48 2.50 2.50 0.049 0.049 0.049 2.041 2.048 2.048 5.76 2.59

6 1. 21 1.45 1. 45 2.48 2.50 2.50 0.049 0.049 0.049 2.041 2.048 2.048 6.01 2.70

5 1. 21 1. 45 1. 45 2.48 2.50 2.50 0.049 0.049 0.049 2.041 2.048 2.048 6.41 2. 88

4 1.23 1. 47 1. 47 2. 48 2.51 2.51 0.046 0.046 0.046 1.964 1.971 1.971 6. 75 3. 04

3, 2 1.73 2.07 2.07 3. 11 3. 14 3. 14 0.037 0.037 0.037 2.117 2.124 2.124 12.54 4.01

1 2.31 2.97 3.19 2. 66 2.73 2.75 0.045 0.047 0.047 2.075 2.172 2.178 8.78 4. 83

TE (1) 5 33 AR 78 1Y PIARAL A A W BE Z Rl Cry SRR PTHENIEE R Cos

X10° N« rad™!, »=0.060,

L
1+12,
HEZR TR E Jy Cir =hDjr X 10° N » rad ™.

(D12 ML 2AE X8, C=1.89X108 N+ rad !, C.=3.19

0.581, EJ¢=2.958X10" N+ mm?; (DLEMEEE H A 51.5 m; (D AEHELRMHLMKIE Dip, 4i
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Tab.8 The result comparison between the method based on deformation compatibility and SAP2000
FETF AT WA I 7 % J=xipIpdaa SR BT 7 A L
7 7
25 Q' Q' /% /% Q' F; R SAP TR ETHEL T ETHE
/kN /kN /kN /kN /% W/ kR Wk, HmIrik/
2 000/ % 2 000/ %
W%/ % #%/% W#E/ % W#E/ %
12 942 —721 29 426 221 332 —33.5 -5 —22/—374 6/224 —55  —326/—493 86/256
11 1 057 —361 33 152 696 750 —7.2 6 —11/—280 19/206 32 —52/—261 88/174
10 1261 —82 39 107 1179 1167 1.1 14 —3/—118 32/125 47 —7/—115 87/85
9 1448 164 45 90 1612 1562 3.2 15 5/—66 39/158 37 10/—73 78/108
8 1568 426 48 79 1995 1 945 2.5 23 13/—42 47/108 45 21/—53 76/69
7 1639 688 50 70 2 327 2 307 0.9 25 21/—14 50/105 42 30/—29 70/69
6 1643 967 51 63 2 610 2 648 —1.4 31 30/—5 56/78 46 37/—20 69/50
5 1564 1279 48 55 2 842 2963 —4.1 36 39/8 60/64 48 45/—6 68/42
4 1435 1590 44 47 3025 3 247 —6.8 43 4/13 63/45 52 53/1 67/29
3 1243 1902 38 40 3 144 3477 —9.6 54 59/7 64/17 61 61/—1 66/7
2 984 2229 30 31 3213 3653 —12.0 60 69/14 65/8 64 69/8 66/2
1 727 2524 22 22 3 252 3908 —16.8 74 78/5 64/—14 74 78/5 64/—14

Fe (DQw MAMERAES 15 Qu W BN s Q) WA AL MY 15 SAP2000 FHEM Y ok Fys ()M BY ) RIS 8T Jr 1
B &5 ALBY I S AZ BT B ¢ SR Y I RIS AT WA s RO BT A AZ BB W s ()R = GRS —

B/ BEA | X100%.
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A ZPUMN AR, HHS ST EEZE SN
BCFY, B SR B SRR T — 3% & S 0 W B
P HE SR N BE SR R T — AR A A WY BE, R4S B
— AR BERAE A A = 3. 348, M 24 9t
HA 10, 11 2892 5 3.348 ZHlE K, XWIZIE
e BRI TSR FN o B Y S R BT ) 43 I B ) OE A
—HUNEZE; () ERESIRNIRE. X4k
HONF 2 & i 4 08 H S PE A 8 AN AR, Wi
TELLESK, A AL, i B T ) E E O 1H
SERIERE , N R AE KT et BAE H R 25 40 A 5 1% A
5.

2.3.2 /N

TREEMEKTEL 5.8 MRS ZE CBF &
B, AHEOY, S B % R BT
N B 2, B 5 BB, T AR
PriE ey P B 7 R S B CBF 2544 1 v T it

HAEREO R, Hob T 2 52 B K faf 805
K, REARTENG. B, MFRIEHLAES 8TE
BN AR 0 )2 CBF 25#), 532 5553
B S, 2 HE 28 55 A Ok R B R O DT ik ok
T2 T AL
2.4 CBF &tk

Hppfok: (1) B8 R A () B3
FEBA N Q345G B Q235 (#H & KA, AR
JoE AR LB Y ). DL RRAE BT R, R G
SCHELE R X R BT S ik &, SR E P b
REZRE] o3 ik R 2 S BOR B0 1F K B AR S
¥, DRI AT RE & AR A K TEEL S 5 5. 8 R
BRE71 By 20 BPLL, s AR R B, R
T8 TE S B0 i 20 o FR 50 B BT i, Il 6 JfR 2R AE
PR,

AR R A i Y T v SRR AR L 4, BB
JE MR AT AL, BCE B RS, A
TIHOWI R REAR, H5 P A 55 % 1 ) A 2R 2 A K
T BE /N 50 mm, BEJELU/N 4 mm.  {EAHERR
f, AREIPERED R S e AR E 1, A, 4
FREEUR IR bR BE AR A AR, T TR 0 25 4 O AL Tl /S 64
JEILE . R RIRRIALRS M R b, DR
BB BEAT X EL 43 #T
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Fig. 6 Layout of beam-column pinned joint

2.4.1 JtL

SAP2000 JEHAKIFE) T1=2.28 s; T2=2.06 s;

T3=1.75 s; FWI R 0.77; thib)G T1=2.45 s;
T2=2.35s; T3=1.87 s; JW K 0.76. JEMLL
FEARLEFEAE.

2.4.2 mARJZEINE M

mE 7 R, R JZ )AL RS AR AR
DAl G #E2 (11) 1 2 16) 67 % 1 A0 48 T IR 3
eI 18. 85 %.
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Fig. 7 Drawing of floor-maximum story drift

2.4.3 AN I

53 W22 TC 3 75 1 W) 22 1 8 R 1 T A A
BRI 7 H AR Ak, T 28 A 78 T oA 284 o i B
FhBif )2 E A sk 9. B 8 R,

XiF PR TR T, T S 43 A R 0 o K B )
Hh bl )2 e A i RS, fidb )5 6 AL FERY
BRI TR X 3G E A 1500, S R G e H B AE
11)2, A 30%, m 9 2L FHEH R 18%.
g AN o Y S N AV A N A N7 o < d NI o) I
3.

o b BB A TT A 1T, B8 8 A B A A 10 B
N TR 2 AR A ) AR AR A S B
AR FE (R 55 R T L ) S Y R A 806, e K K R
BUAE 11 2, h 27%, W 8 JZLLF R Ak
15%. [FH, ASshul#E%.

R AXENRETANRETANENSRKEALEETN
Tab. 9 The change of maximum stress ratio of column of

rigid joint and pinned joint without supports

t& GRS () Pt Ja R AL e i A
B9 BZEMN] RSN L ENNEE B

B A S4OD  FaLd)  4ar)
12 0.55 0. 34 0. 68 0. 25
11 0. 50 0. 44 0. 65 0. 56
10 0. 66 0.71 0. 80 0. 85
9 0.52 0.67 0. 66 0.62
8 0. 65 0. 65 0. 69 0. 80
7 0. 44 0.43 0.51 0. 46
6 0. 56 0.47 0.56 0. 54
5 0. 56 0.58 0. 66 0.62
4 0.69 0.70 0.78 0.76
3 0. 74 0.73 0. 82 0. 80
2 0. 81 0. 81 0. 89 0. 85
1 0. 84 0. 85 0. 90 0.92
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Fig. 8 The change of maximum stress ratio of column of rigid
joint and pinned joint without supports

2.4.4 MW=

B 10 nl5, itk et s W 1 63. 4 t,
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R, ARAETEIE R S3. fiAk G 4 A WY B
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Tab. 10 The comparison of steel consumption before

and after optimization

17%; MBIHF; moRAHZE — 1005 AR ) N RE A
BTN ¢ B RAHZE 400~ 17005 FEET 1 AR 2 5
BY B ¢ R R ZE 820, ARG YIK FEAR 3L,
Vi 158 2 A A W T R T A P i TR BT O i O
AR, SAP2000 2 il i3 A b %€ S & m ) 7
TRPRHU AL BY e SCRUTHT B B i A RN 3E
FEAERRE, T OYTK R B 303 B B A+
5.
F 12 SAP2000 FIAEBR M A HEICE

Tab. 12 Shear force distribution of SAP2000 original model

25 Fi/kN F,/kN F,/kN ¢/% /% ¢/% 7/%

11 509 242 750 13 6 68 32
9 978 584 1562 25 15 63 37
7 1 349 958 2 307 35 25 59 42
5 1540 1423 2963 39 36 52 48
3 1 349 2127 3 477 35 54 39 61
1 1018 2 890 3 908 26 74 26 74

. HREHRE/ AR RS /kg - m™°
= Pk Hi = At Hi it
12 105. 3 99. 7 85.0 80. 5
11 128.0 121. 4 103. 4 98.0
10 138.0 131. 3 103. 9 98.9
9 161.7 152. 2 116. 1 109. 3
8 171.0 162. 2 118. 4 112.3
7 214. 7 203. 5 143. 6 136. 1
6 217.9 206.7 140. 9 133.6
5 230. 9 219.7 144. 4 137.5
4 223.6 217.0 135. 6 131. 6
3 198.5 190. 2 116.5 111.7
2 198.5 190. 3 116.5 111.7
1 252.7 241.3 148. 3 141.7
2 2240.8 2135.6 124.2 118.4
Lta —105.2 —5.8
2.4.5 BT HHE

H YK JE RS 1 S R AE R #9591 43
BCEE G a3 11 BroR. MLEEAESY Jg o5 SRS 8T 1 b
1 ¢ MISCHEEBT 1 5 AR S BT ST HL ] 5, HEZRAEAI S
FEZ B BT 8T 2 5 AR A B S HE BT 45 4 — 2
WEEFEST Iy 5 AR 2 BT S L] ¢ S AR O AR 2
BBy, RIZ T I BN T %, T
JEAEST BT ) R T 38, Bk FI2 )2 EE
LAk,

F 11 YIKFHERE S HEICS
Tab. 11 Shear force distribution of YJK original model

28 Fo/kN F,/kN /KN /% 3/% £/% 4/%

11 427 313 739 11 8 58 42
9 885 667 1552 23 17 57 43
7 1194 1104 2 298 31 28 52 48
5 1282 1673 2 955 33 43 43 57
3 1264 2 207 3471 32 57 36 64
1 1070 2 833 3902 27 73 27 73

HF e b YIK fil SAP2000 &% 44 4% SR AT,
LA AR ZE R, H YIK tifb e (g HAlfb
BUHD) 454 5 SAP2000 AL s B BRI LGB, 40 0 A
13 M 14 Fron. YIK A X F SAP2000 5
B, V2% 3 ZHE8 I HIRIH ST ) ¢ B,
WARMEIE O, 4 EE 12 2 CHEA, TR
2% 32X E NN EAET ) » EAN, &
KW, 4 2E 12 )2 g FR, wAKEIR 5%,
FEBY AR Z ST B ¢ SeaERT gy AR 2 Y
Tl p W AS AR ¢ 3, WUMNEEE, 1
BEIZ{RRMIE10%, 41 2F 12 )2 {RRKK
IN13% 5 5 AsAbh ¢ AR B A R 2K

R13 RUBYIKHEASEILEE
Tab. 13  Shear force distribution of YJK model

after optimization

J2% Fy/kN F,/kN F/kN ¢/% /% (/% /%

A (DIEZAEST F124 FF,; S (ERE W HA Fys B

By j]jj Fis B NLE jJtl:W'J?’JC HEBT 7 5 A 2

BITeh ¢ i?’“ﬁ”j]ﬁ BE B g SCHE

B I3 AR R R Ik (Z)Ha?%%ﬁiéiﬁlzﬂ:%iﬁi
Ak, G T BUR AR

HI SAP2000 JEEA#E7S 1+ 5 #) XEAE T B9 59
T B 2 12 B, LU SAP2000 &5 2Rk FE
i, YIK 5 SAP2000 MHEZLAESY ) Fu AHZE 40~

12 422 —103 319 11 —3 132 —32
11 356 384 739 9 10 48 52
10 426 731 1157 11 19 37 63
9 693 862 1555 18 22 45 55
8 784 1159 1943 20 29 40 60
7 1025 1282 2307 26 33 44 56
6 1104 1548 2 652 28 39 42 58
5 1326 1648 2974 34 42 45 55
4 1198 2 042 3 240 30 52 37 63
3 1376 2 130 3 506 35 54 39 61
2 1 384 2 299 3 683 35 58 38 62
1 1026 2914 3 939 26 74 26 74
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F 14 X HE SAP2000 ¥ A EiC R R
Tab. 14 Shear force distribution of SAP2000 model which

only hinged the beam-column joint

24 Fiy/kN F,/kN F,/kN ¢/% o/% (/% 9/%

12 475 — 149 327 12 —4 146 —46
11 456 289 745 12 7 61 39
10 573 587 1161 15 15 49 51
9 818 736 1 554 21 19 53 47
8 967 972 1938 25 25 50 50
7 1167 1131 2 298 30 29 51 49
6 1249 1391 2 640 32 36 47 53
5 1365 1591 2 956 35 41 46 54
4 1367 1873 3 241 35 48 42 58
3 1 040 2 436 3477 27 62 30 70
2 1020 2633 3653 26 67 28 72
1 847 3062 3908 22 78 22 78

SAP2000 J5t #5455 780 AH o T 8 552 1 450 284 14 4
BY G R BT LB ¢ SCAEEY ) R AT
Fe ] p XF e 15 PR, JEIRER ¢ £ 2 RT
RUBERY JRIGRRY 5 S 2B N T R A. AR
Ja WL 0% ~T7.9%, F¥wAN4 1%, HT)Z
WNEEEARC R, BT N2k, HEBY ar L
KR W AN g WK 0.9% ~ 7.9%, F
X 3.9%.

& 15 SAP2000 [RIAE B AN SR B X b
Tab. 15 The comparison of between SAP2000 original model

and the model which only hinged the beam-column joint

oy ¢/ % 7/ %

T e 15 e
12 13 12 —5 —4
11 13 12 6 7
10 16 15 14 15
9 25 21 15 19
8 27 25 23 25
7 35 30 25 29
6 37 32 31 36
5 39 35 36 41
4 40 35 43 48
3 35 27 54 62
2 34 26 60 67
1 26 22 74 78

3 &g

ARSCLIA B b 5 K i M R i J2 4 A5 AR N
S0, PR T AR TR b VA AN EE T W BE B Y D R
R B A BT AR B B AR S
SAP2000 BYZ5RPEAT T XPEL. IR, BEAFiZ B,

i
AT T MR, BEILIT 4.

(1) T 3P R 55 HE 280k R 0078 T2 B 14 0 24
WIS IR T YL R A AN ) . KT
5.8 AN B K ARTE B 5 )2 22 B CBF 4544 i 4Tl
TR BT 1 4y B e ). % A5 P R, ik
THE A S EE TR R 2 B0 BY g o RS B B b
7l 5 SAP2000 THE45 BRIV E R IR ZE A 1 14005

(2) BT A2TE by i 00) B8 1+ 7 IR A AE 45 4
TIRERAELZREE, EIRER, FEREW
TR Sy I ATE AL E A 5 R B R B S
FEPRR SHESEOR RN AN, (H B 507 ik
B2 R BEAT TOINBCE 355 BT 280 b UA 04 O 1% 58
fE-Fm g B e, R 1,28, BiZs
A — AL

(3) K AP CBF 45y Kl B HE LM B e %
HESRER B NI R, N2 T MER AL,
e B AR 2 ) e R R A AN BLIN 1 ik R A
oA, BIVIE S N AR G R YT A5 R e E e
RRZ BB Ty, AR 8T AR SCAE R R S HE 2 ik
F oz lw) B o3 B b ), B s B 3R B 4 B HE R A
B AR RO SE. B ek B, g DY A 0 R AE 2 6 23
FEV B 84, MG, SRR R SHE
T 2 32 20 1 BT g 4 GRS B 1 0 b 4] 4y ) o X 4
KAVe, PR AN A TELM BRI %
RIZEBLH M HE 5 KB T H BE 7 4E 5 A 22 B Hip
T, fiAb)E B R A 7 105, 2 ¢, B4 AR
MR RB/NT 5.8 t, MHELMALHIREAR T 5.
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