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STUDY ON EQUIVALENT STATIC WIND LOADS OF
LARGE-SPAN SPATIAL STRUCTURES AND WIND
PRESSURE DISTRIBUTION OF COMPLEX SHAPE

SPATIAL STRUCTURES

ABSTRACT

Large-span spatial structures are highly favored for their beautiful exterior and broad internal
space. They are widely used in airport terminals, galleries, stadiums, industrial plants and other
large buildings. However, this kind of structures tends to be light in weight, large in span, great in
flexibility, and low in natural frequency, which makes them sensitive to wind loads and wind loads
sometimes become their control loads. Wind load is a typical random dynamic load and structural
dynamic response calculation under wind loads involves analysis of wind load characteristics,
structural dynamics and the coupling interaction of wind and structures. In order to simplify the
structural wind-resistant design methodology, engineers and designers urgently need to use the
method of equivalent static wind load (ESWL) to carry out the engineering design and calculation.

In this paper, the study is mainly divided into three parts. Firstly, aiming at the urgent
wind-resistant design problems of large-span structures, this paper carries out numerical
simulation of wind pressure distribution and wind field environment of T2 terminal of Nanjing
Lukou international airport and T2 terminal of Wenzhou Longwan international airport by
FLUENT software. Through simulation, averaged wind pressure coefficients are calculated and
the law of wind pressure distribution and streamlines of wind field environment are revealed.
Besides, the numerical simulation results are compared with the wind tunnel test data to verify the
credibility of the simulation results. Secondly, wind velocity time history is simulated based on
harmonic superposition method by MATLAB software. The calculation shows that the simulated
fluctuating wind reflects the spatial and temporal correlation of real fluctuating winds. What’s
more, the wind power spectrum, averaged wind profile and turbulence intensity of simulated wind
are well fitting the theoretical values. Thirdly, multi-objective ESWL method is proposed based on
structural response time history which is important and core content in the paper. According to the
proposed weighted coefficient of multi-objective ESWL, multiple single objective EWSL based
on structural response time history are combined to obtain multi-objective EWSL. After that, the
paper takes open large-span arched roof for instance to make analysis. The study shows that the
nodal displacements of structural system under multi-objective ESWLs given by the proposed
method are in good agreement with extreme values of structural responses in dynamic time history
analysis. What’s more, compared to traditional gust loading factor, the structural response results
based on the proposed method have smaller discreteness and are closer to the real responses of the
structure.

Keywords: long-span spatial structures, numerical simulation, distribution of wind pressure,
wind velocity time history, multi-objective ESWL
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%ﬂ% Pait, B RV BT BUBE LR e SRS, B B RIS

FEARERL (R S, LRGN e, AR AR R B 2 T T A AR R R R E AR S Al 2
SEFTEREIN, AT AT 2 12 A5 B B 3l A BRI R

3.2.2 {EuE BNk

WP B N A SR B T = A GORNT, B3k B B DL o FLIE A SR B mT LU A
BEBRREE 10 S DR RO AT BRI, DG H AR Xt RIBE N AE, 2T a2y
BT ik, Wﬁ%ﬂ%ﬁﬁﬁ,THH&ME?&H%%,MW%%ﬁ FIIE5L
AR B e JERL T SRR 3, 1 T DA R I e R (R PP T R R A

3.2.2. 1 FHCRRECR B 1% % A
X TRk X, Davenport $& HiAH T 5% £
o \/Cf(xi ‘XJ)2+C5<Xi —xj)2+Cf(xi ‘XJ)Z

Cohy (X, Vi, 23X, ;. 23 ) =exp — V) (37
A V(z) ( )pv ) IV (z SNSRI 1R AT KU
C~ C, C, ﬁﬁﬂﬁﬁﬂﬁ?iﬁ A AN 6, 16, 10.
EEi%%W@ﬁ%%ﬁWT
(o) = JS" w)~/cohew (3-8)



YEXILE

Y Susamn o tove iy KIS AR A M B E AT A B R AU A TR

X HCRH se ik .

3.2.2.2 i EEAE R L H Cholesky 4 fi
e m A n 4EBEHLE ﬁx@)jLZ ..... M), 1 R R R
S11 a) K S, (a))}

S(a))z M

Smla) L S (@)
X S, (o) WARERES i DT R BN S (o) (i §) 8 i DRIEE j AT G L)
R, —ONEEL B
S; (@)= *) = [Si (@)S;; (w)vcohwe (3-10)
R ¢(0) HEDZE Em‘ﬁuﬁa
H B S; () FiEK (3-10) FEREBMHIL T AT 20K 7, I3 2 AT L %
&0 (3-8).

3.2.2.3 =MIHHER
X; (t) AT
t)zzi‘ij(@)VZAw‘COS@,(t"'ejk(@)"'%)’ j=12,...m (3-1D)

il N N RAKRMER: Ao=m, /N, @p WEILE%E: TEH, (o) 2 S(0) 1

Cholesky #Mif: 0 (@) RARZEIAPARFR S ZEMHOA: o =y +50, So FRFEHIR
K, H RN T G XU FE AL .

L5 L PTA, M FHE B IE RADURK Bl R R B 45 KAl KRR D A 0 5 2 e A, = A 2
ORI Cholesky 73 fif 15545 2 NGRS REAEA,  FRAEHAF S 45 E I DRI s AL B35
i, ha (3-1D *%TM?@JEﬁﬁhﬁﬂﬂ%ﬁ?&ﬁﬂiﬁﬁi@{ﬁﬁg, H I3 s AE N — oo i
& SRl SR TS

3.2.3 /NI WY

SIEAE GBI ST 50477 VM PR SOt PR 72, SR TR 5 5 LA
PR A, — BB — AL LB, TR AT (RS AU T
FUAT RO UR SRR RN S W7 L E S, DR T D A R 3
SRR A AR

B () IR, B g(t)e 2(R), Sbh, L2(R) N7 B S,

Al A e o) 6 IR A A
J(lo(@) fopiop (312)

T (t) T LA A N 5 B R S A /N ISR AN (t) HEAT PR A e, 0T LA
PENEL MRS, (1), HRIESN:
¢a,() a’? ((t—f)/a),af 0,7eR (3-13)
Arh: rRRTPBET: o RRRERT
B /NI BGEEAT B A, DA AR DT o 5 P B ORI R 5 A 2, e
SRR 90 2 LA 3 P T SRRE P 2 —, ZESUIL LT p B LEAS 32, e B AR R PR 30

/NI (Dyadic Wavelet), H dihy: ANES S RCFR R 2k, MR EN 2, ARE
pr.y /(1

(3-9)
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4P - 2 A4 )

Bt samaiiat jao TonG Usiversiy = R A s RS B A o R RS 5 R
o (1) =2"p(27 k)
. 2 )1Jlkez (3714>
J ) ( —o k)
AN, T] HHKMG%XO%Fﬁ ?ﬂ%ﬂ¢&ﬁm3m,ﬁ%$ﬁﬁ
t) Zulok o k ZZ k%k (3-15)

i=lo

ﬂ¢:¢ﬁ§ﬁwm5ﬁﬁﬁﬁum7%¢ﬁ

t)=[ X (t) gy (t)t
_jx ()4, ()t
BT BTUA %ﬁkﬁﬂkﬁﬁ%& TR, FLRIAE T /NE T PR
ST LA B ST AR, 5 B RAFRIRSUR AL, RENS B IR AR R
W IR ) PR AR AR o BEAE, /NI AT BRI R A M i HAE A 1) J) P 25 T AR AIE R
L PR S G (R I AR o DRI, /N M BE A5 A7 2R P Ik 3 X A R A 50 5
BEAT KR AEAR Y o JTEER, N 52 B E W AN BT 2 R0, I8 ] B RE SR
. Yamada <554 A Mayer /NG 38 B EIINECAZ R K 7 2R A B2 S AS 21 A ik
ﬁm&%&TE%m%%ﬁ%ﬁw*%ﬂﬁ%%%ﬁﬁﬁhiaEﬁ*ﬁ%@ﬁﬁmkRMn
FAHFET do3 /N W RIZHAT REHLEUE R, SR AR YRR 2 R B R/INB R AT
AW MBI SE LA/ R B R 2 Y R BENURIL e ). 3R E 2 ERIET db3 /i
5, MBS D HRR M VE T, 8N E AL, KRENLAI 1K Eh AT 1 R
JUEA At A G B B SN BRI 3, B B BN AR Mt B L X AT
SIATTER,  DAHOR AR R SHLLZE I ST 1 45 Bk, N4 1 S0,

3.3 F[E% R KRR BER

ISR VI B v AU ik 2 X, 6T ks XS, A SCR A Davenport 3%, HOEA
Fik AN

(3-16)

N
W (3-17)

S, (n) = 4k\_/fo
Kb x=1200n/v,,, n S, Vio A 10m AT G . K 5 TR R A
%, AT ARKAE.
k =0.0021522x 35°%=019 (3-18)
A, oo HU TR RS B R %
GEBLRAE PI DA 0.1s, SRAFADECH 1200, S SEBHL T 120s P 1 XU I F2,
JE UL E BN RGE I BKSIRFE, X BELABCRH B J53, 0.5kPa 2 A KE, 1XEESH AT LA
Bl S BRI LT A, KA BAR S5 03 3-1. 18] 3-1 A1 3-2 S ) A [] v B Ak 6 XL
TR A i 28 DL AL 5 E AR 1 bl
& 3-1 R HAEBAHK

ZH ZHE
ik 2 R e Davenport i
FANE (kPa) 0.5
Hib TR R B S 7Y B 2%
USRI I (Hz) 0.01~10.0
KFE R 1200
RFEIS ] (s) 120

=
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AEZEEIREOSHEHNTRME XA B R ARES R

45 — FkEhE
FHIE 40 " ‘ ’{L! |
ot L T “1
?-30 Hd, ﬁg. UL l,‘ N ‘ ‘wﬂ‘w " |°‘ ;‘f!}*';f‘ (L .“!,
Lt i [ rh“ i i
25 ‘ !
20+ \ T : " . :
0 20 40 60 80 100 120
1(s)
(b)15m

20 40 ?'0) 80 100 120 0 2w 410 ?'0) 80 100 120
(s (s
(c)200m (d)205m
3-1 A& B AL BB I 72
%g;‘ —— Hizig
%8? — PR
Q 1Y,
E@;
107
10°
10 ° i) i 0 N
10 10 10 10 10

MFE (Hz)

B 3-2 HRLE 5 H it B B

M 3-1 ATLAFE H, 10m A1 15m Az 200m F1 205m 15 B Ak fry R i s it 2k AR DL RS v, 171
10m 1 200m 757 FE Ak B XGE #h S ARV RE RIS, 2R EBH 1 ik sh A 23 [AIAH S . IS 3-2 Al A,
BUERIUR D20k 2% B 5 B ARS8 o B 3-3 Az SN 1 R TR0 i3 9 5k P 3 T
FFOE S B R s, a7 WL, BB ARG 2038 RS A i I o FE (B 3 R dF A& T 28
HFrME

4009 e mers 00 —a— B

e GOSN ] — H i AR
S i - ',
3004 ; 300 E_
2504 250
’g 200+ z 200 -
T T
150 150
100 100
504 50 e,
0 L T T 1 0 T T T 1
10 20 30 40 50 60 0.0 0.1 0.2 0.3 0.4
v(m/s) 1
(a) KU LA (b) it 7t F&E EL A

B 3-3 HBUES H FRE AT L
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3.4 REING

AT T TR U A B AT BEE A58, W B Bk 3R Ik A /s
B Miirid, Ll M GEAE L T VA R . AR 4R 2 25 T Davenport XUsE 2 15 A
BB NE, B A% MATLAB F2/7, X28[0] 2 nl KU N REBEAT OBl THRERIT, g
152Uk sh KGR RE B 1 Ikl KGR IR T AR S PR 2 TR AH O AR ULA5 210 A0 XU Th R
B odth 5 1 B B AR DA R, 45 2RO BUE TR D8 ] 12 KOG K i 5 LA 5 B
W HARME M Ao A8 R RG Hh L5 S0 b v FR 5 s P U 4 PR e
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- x> A W
@) X FAILY
2w’/ SHANGHAI A0 TONG UNIVERSITY K ) LA S R RS B A R R R AR S A R 5T

EME KETE RS FHEX G

4.1 5|8

i ik J R A4k (Equivalent Static Wind Loads, fiFR ESWL) HIAES, S5k
A7 28k B i 3 Ao A FH - S RGN S LA 454 e A i g e o 55 S s IXUAeg 287 A 1 3
Wi S ARARLAR [ o 7ES5 8 TREVETHT S R, B N AR R 8 E AT e — 2 5 %K1
WA, SRR 1 R B A M RIS ALRS . ol g S B e . SR, ARV A
FE B Bk s R AT # A R —FREELED S oAk 2 45 0 b, MRIEBENLIRSI LIS, 76 Py sl Aiiek
PR LR AT B0y A IS R 87 A A5 380 58 R i 7 o R L S 5 AT 8 ) B AR A TR B AL bk
B X AL e EE ) A AR AR B N A . R DR, RYERENLIES i, bikgl
60 4t Davenport®a% 2 2 2 ok 1 37 ke KBRS S 43 T O BRI HESE, FE4 B AT 3P 1
15 (GLP) 2, B 24108 700 S04 My i) A R 7143 M il L, TR R T 5 J2 R S
i RAT B 00 Ao SE R L IR R H ARSI DLZ T v N E A, B AN R s e
H BT, K2 6] 2 o5 25800 M 3t 5 i — B, 257 7R T FEHLIRS) BAS I Kis 25 8] 2
6 SR A BRIV AE SR, R 2 [ 2 5 AT AR 20 BT —— DA M) . 3 A —— 25 Ak 5 XA
%, RNAERS RS IR SN Fma B Femt b, i A3 SR AT 7, A5 305 A TR
(R A5 A0 T A o AR B T T 25 205 XA 2 ) 8, A 2R B B BB s 2 0 KT R 7 v, LG
AR RE T (GLF) ¥, 8RR (LRC) B, M) (WL %, Xt
THES B AMILARG AR, HRTF— AN EARPRKES 2 0] )2 25, X7 vk (13 A A
Bt Bk, WEAEE B R POE . A BES RIS 2 1) 2 5 22 S H AR I S A
K Aef BRI T

AFEHE TS R 1) S A5G A B BT, AR BT BRI L ST TR ORES
I Jo2 76 B AR 5 R AR 0 702 FEBEIERS B, 4 T 2 H BREERER XU IR & R 8
(A58 S5 ) P A7 28 ) I A 5% 2R 25000 1 ) BRSE R0 AT B LA &, A4S 21 22 B AR S 200 IR
i g, o3 AR ES TR HE T 2 55 45 40 A 22 3T T J2 5 45 4 s b LA N, 3R19 2 H AR
BT E A, X OISR S %

4.2 Nfa&grhEFNHE

4. 2.1 B R Aer 8 5 -1k

140 60 4EAC, Davenport® 242 5 S SR HR Y 1S FH T v 2 I AR G A (0 AR I 18 43 W
i—— P AR 7777 (Gust Loading Factor, GLF) 290, 147 b KU 3 R 7 (5 X,
RIH RUAT 28 P T 1100 65 g i 12 A A 5~ 20 IR 2R T ) 45 )~ 24 i o2 1 EABLRR S 7 XL fif
FA T, WA ONBE RSN, 2250, BENLIRS RS, KU 384 R (R 3h e SR AR 7T LA A -

Y=Y +go, (4-1

A Y A KETERAE T SRR AE N ;Y A P3RBT 2 8e; g gideqi b
TEMEEREG o, NIKSNRG] L 0L RE 0 B35 5 224

ik 5y JR s B A FH S &5 440 (10 30 77 i 37 AR AR A AR BE ML Bk f, JLI(E N, AR
BRHES, WGE RN T F#IE N R

_ 0.577 (4-2)
g=42In(vT)+ 2In(vT)

b TOUIEE, v oy i e ARF AR R
HTBENIRSN S, JF LR e W IR R AL b, 2RSS A R k3l KU S S, (x,n) 285

B PP SRR A8, ] DA RIS AL R RS S, (n)» B4 EAE kb
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- x> A R¥-%
@) X FAILY
TS SHANGHAL JIAO TONG UNIVERSITY AP RS RE R S A k= B A RUE S s

MR N 32 5 7 o AT LARRIE A :

o, = (|5, (m)n (4-3)
0

Rk, BB AT RS TR RN G KENREZEM R, Hilc&st 714
Davenport. Harris 1554 2 2 AR Dh 3 %Rk 50, Davenport F1 Harris 1% gt /2 L ACH AN
B 1= BE AR A R AT ks WG B, A, A Bl = AR AL Simiu 1, Kaimal 3%, Karman 3%
F Hino %%, 4% Davenport fFRE, FIH] Davenport 3%, K5 X7k 51 2 A 25 44 i S A% A1 5
S8 RT3 51 RS 1) 45 M i S S48 2 s SORBE R B IR T G, BIT:

G=Yo14g% (4=4)
Y Y

TR, SR R AT LA RIE N Peq (2) T LI A 9
Deq(2) = G- p(2) (4-5)

R, B R THIRGE, 2 MR E S,

1 b S R AT LUt IR R T e IR S B S B8, L
BLERRAIER R, S TRRBHRY BN, EEBRTE, dit, 5 (43) PEER
B TRT S K, #ided: T M L,

e S R - RO, 7o M T LA T TRRR, (LR e 2E— SR 2 &b, 81
1 GLF 45 B 5 3 R 0 40 AT 25 P R BORA ], A 2 e 5 K
AR, TEiR S B IR 5 4 M L R i 4 A B AN O s AN GLF 3
T — B R B S K, 0 T B R LSS BT, (ERX T 2R 5 5 [ KBS
el fE e, 76 IR AL T R P AR A 2.

4. 2.2 51

7 5 W R AR i, 13 2 2 ok L BRI R A ) 5 B B 28 S M3 30 7
AR A7, DRI ER AR 2 S #7318 Cinertial Wind Load, TR IWL ¥, 1% 77kt
BINE o [H S M T b, DMt AT DURRZ 39 GBI 125, %7 A o e R A
AT IS KSR F 45 M 3 20 A AT, R SR R BI45 M Ay T R 5, A
S DUFH & B 3 K1 2 Sk 2 6 S KA R, DR B 297 A LS

R EE B 12 BT, R [ B RGO, Ikl KA B AE P ZE S5 I,
HIZ ) R AR N

[ )+ [0} + Ky 1) = (o) e

gorf, (YO} AT AR (RO A ()] i R {(p(Y)) Ak

Rk M [Cl.  [KIZoRgs MIsh a2 = K, BT e, PLJe 4 b fis
PR 4 .«

S FHHR TR0 45 A v T LA 5 4 7E Bk 3 DR 7 1R R R B B R A R % 3k s
(y(O)b=[gl{a}» R, [o] FRIRASERE, {q) Fomr AR, FURRE AL, AT
I SN E TN

{Pa} Z[M]jNZla’jz {4, Ha, ()}

Aot {0} orsskas e, {o (O} FoREHE | BRI LRI, N
DRI B PR IR A R
X (47) WK1, ST OUMERFIE AN EES S AR A, TR
R (4-7) BRI SMFEPa 30T AR AR 0 MR 0k 2 B R
Fo, B OULFEREE RN, TRR (47 wURs:
{Ra}=[M]a* {4} {au (0} 48
AR TR AR Tk, SRFIME J0i o A5 B (28 RO A, DS 2 R 5%
MDA SRR T IR A DR KRR £, TR SL B 5 S A {ELAR R M
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FIEHE I S R KR AU L B T G5 N 3R 2 &, T e G5 — B R 2 B 7,
TN SR BN S BN AN, IS AZ T ENANE A, BT S M AA R TS S B DA S
N7 55 AR W S AH S TR AFAE , A8 A5G vk B0 1 i 87 5 S0 Jo7 B A L B A7 e — SRR
FRZ. Kk, ik ts A A 5o AR R BR .

4. 2.3 fuf B B AH I

AL 90 AFAR, fHE[E %% Kasperski 25 PULE R 9T s R 1 RGBS R B, FRAE KB
2] 77 W JSL g R T S A IR AT IR — T T i 2 1i AH 9% 3% (Load Response
Correlation) . 1% 77 V5B W] e 1 NI H: J2 T 55 805 KA 3 0T 5R, 2 S5 R X ff 20T 7 R
R — AN ELRERE,  H R R A S R AT O S RS R TV, AR

TERKSIXAER R, G540 b3 A R AR S £ AT LA TE N

e =T £00, (4-9)

W T RRGEMTEPI R TR, g NIEER T, o, MK 5% . H

TS 2 —— W B 2 (R C FR, S5 A AL AL B N ry PR B ] PAFR IR N

Fimax = ZT Aig - E + g\/ZTZT aikailagkl (4-10)

A PONBTE K P, ap AATECK RIS § I R E, of, Jatar s kAT
T 7%, JFHIA:

O-Tgipk = Zﬁl aj - O-ngl = pTiPk N2 O-Pk (4711)
e ppp ST N AR REL, op FATEK HIITT 22, 0 NN § HI34T5 220 BROL
X (4-100 FI (4-11) 75

m Zaikzailo-sd m m

i = 2 AR 0T T =D AR+ 0D Ao = 2 (R +0p0n) 1P

5

AL, MR RN A5 R KT 3T AR IR
Pe(r)=R+9p,n0% (4-13)

T AR S8 R S S5 3] 10 e AR AR S, T A R B I 1 S BT, RdE
T PR m S AN RE 2SI 45k . NHE SRR AT DLE Y, 5B XA 2 R 7R, i 280 B A
FAVFAF B B S5 R X Aar 3 B R IE S5 50 A PR S S AR 5], HeAth 35 A AL I A AE AN R B2 G
R

4.2.4 =/rEk

A ARBI 502 LE 20 A 45 4 (0 B il 2B B FL ol R T35 o3 1 S e BRI LR 4y &
For s S B B AR 1 Ik 2 RS e S A R A, AR R g5 AR T2 ksl A
IR GE M) F RN ZE LT I i A JLHRTT = A2 1 8 TIOR3 M4 Davenport f5E X, S Ik3)
Wi 835 77 22 0] DAE R IR AU ZH A (SRSS) 14453

o':Jo'E—i—of (4-14)

X o) RoARH RN T % o, R LIRS 13577 %2

B 5, T AR 038 0 8 s S AN LR A 1 IR — PR, DS R BI3) T I FE e
AR B AT 1 S, H AHESR 7 iR SR R s B, ARBL T A AR S 5
HIFE S DTHR . IXFP TV, TR RS S AT SRR e B (R AE DG, A A ST PAFR
KA

0'=\/of+O',2+2,0b',0'r0'b (4-15)

e, FE TSI R IR R 2 8] (A 5 R HL
FBE (4-14). (4-15) PINATBUREL, Ja# € SO SH, MBI CSCETRm, PRss

4171 JLe8 7L
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2/ SHANGHAI JIAO TONG UNIVERSITY KB BRI AR FHERRNTHMNE R AT ERANE S HAR
1457 A AR, 0497 B RSN, J AR FHOIET AR (ELA F
1T MRS L S BRI RO R, LB LRI (414) (041
ik,

SETHCFRAR U0 R, TR SRt T A RS = A5
RASHE R, IS SRR, TR2 = Ak, Jom, ¥
SR BETLLTOIES /1R 7555 BT DR FR AR AR AR, JIR 4 B T LR L
DR, AT MR AR B AR (AR A, 41 A b
e, BT TRERIF. FTLLY= 5 F SR R SRR Rk, 3
0S8 SURTL SRR T BT AR Tk, M G A 7 255 .
S VR0 ) SR8 2 A 55—, BERURFARDE 7RI 0 SR (E A
Fl, 2 WD S R, AEDU —#56—Ks % AT SL LT %
TV BRSO AL ORE SRR B .

4.3 BEFFIERNEEH—LURMNEZENIS T2 fnub# A5
A P LA 4 R T e O 5 L B8 PR 1 P 8 A3
8 520 H b 0 4 5 Xy 8 PT DA A R A 3G B
F(x,y,2) = 6(x,y,2)F (£,7,2) = 6(%,,2)Cpmean(CD)* @y (4-16)
PR B LIBT3 7 74 0 8% S0 SRS (100 SR TIUBD B oR LR

DRCTET A BRI R Ji s S P 3 7595 BRI A5 A L PR A5 A T B B S A S L B
LK 4-1.

1688100504
LA LLL YL L g Al iddd )

A bbb b
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| \ /

02 05 SU1 40D 08 SU7 YOG 10 H11 G I G G5 GI2 GII sz
.
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(o) FEHHE 7T (b) T
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|
|
(c) JEC SR HE 37T (d) HHIILHF T
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e
-
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o
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amap
o
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-
a
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o @ o @m ev o= om om o
) = : C R -
o o om o oe om0 o 1}
L
[al I S o
- o o= ov o om ov o= o
> S
—_— e T e = o o [T ]
- !
- 0 o e 3 g s O et
o

(e) B DX IRCo M NLHT ri AL .

(£) A2 DX R M N oz B (g) AT DX IR0 FA I 715 w7 7
B 4-1 iR AR

N TAFEMETBETE N G AR e PR 82 R 7~ R 25T b [ A SR g 4y BT ) XA
RE D RS ERAGTEL ot 7RSO A AR, AERRS XU AR T BT R R
R R I HE A KRR 2] F AR s SRIUAT CAIR TR AN 155 D AR IR 2 PR A0 <5 2 e
AT 28 o

HI T RIS EE AR 2%, ST AR 22, T I 32 B AR IR s S DA Rk XAy B 45 2R

4.3.1 25K B X 20055 X far 2

B X Bl XM S8 BT - S 45 4 P B R L3R 41, X fikg (2 ), 43 iR s A &
G 14D MmRZEHAE F 24D 7alitHEasiE.

R 4-1(a) B X P40 LR 7 B 3 AF F B XU

M J37 A Y EAEHIER  CHET mRCTE WINARE BRI R R T
U] =2 Cmm) (mm) (KR ZED
X [\ KPR 45 4763 -9.7 -14. 4 1. 48
Y [\ KPR 345 630 -21.1 -25.7 1.22
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AEZEEIREOSHEHNTRME XA B R ARES R

BRI 7 s E 0 617 76.6 104. 6 1.36
RS 7 i A 180 2595 -16.7 -28.7 1.72
MERHk Z MR m 15 3645 44. 1 67.9 1. 54
WERHk 2 M m T 15 3672 -34. 1 -50. 0 1. 47
W1 X-7Z [ R E AL 180 4318 -13.2 -22.1 1.67
W2 X7 [ R H AL 15 4422 -11.5 -16. 1 1. 40
W3 X7 [ R E AL 15 4549 22.0 32.3 1. 47
W4 X7 [ R E AL 15 4569 32.1 47.0 1. 47
W5 X7 [ R H AL 30 4719 22.6 35.5 1.57
W6 X7 [ R H AL 30 4700 52.3 80. 7 1.54
W7 X-7 [ R E AL 0 4313 47.1 65. 4 1.39
W8 X7 [ H AL 345 4863 -4.0 -6.3 1.56
T1 X7 [m) & LA 7 0 3430 24.9 43.3 1. 74
T2 X7 [ B AL 0 636 28. 2 38. 2 1.35
T3 X7 [m] " B AL # 0 613 22.9 30.5 1.33
T4 X7 A% B AL # 0 617 76.6 104. 6 1.36

NVEARUL T A F T RS AR, T aRg T & R A R RS o K AR
R 4-1(b) BRERAATH z IMNBBRANME—REEHAE

P BEF L REFT

GO [Tmdl BT MR Rk | mnm T BR ABIRE
R Wl B (mm) | fEFIRG M AFEM ()

R (mm) (mm) R (mm) (mm)

0 617 76. 6 11.2 104. 6 3623 -16.4 2.9 -23.7
15 617 76.9 8.8 99.1 3623 -18.2 3.0 -25.6
30 617 61.4 8.5 82.6 3623 -17.9 2.7 -24.7
45 617 37.0 8.2 57.6 3623 -14. 1 2.5 -20.3
60 617 26. 3 6. 2 41.9 3623 -11.6 2.3 -17.3
75 617 19.3 5.7 33.5 3623 -9.7 2.1 -14.8
90 617 15.5 5.6 29.5 3623 -7.9 1.9 -12.5
105 617 14.5 5.5 28.3 3623 -8.2 2.2 -13.6
120 617 15.9 5.4 29.4 3623 -9.6 2.4 -15.5
135 617 15.5 5.6 29.5 2595 -9.0 3.1 -16.6
150 617 16.5 5.6 30.5 2595 -11.1 4.1 -21.3
165 617 19.9 6.8 36.9 2595 -12.2 4.6 -23.6
180 617 28.8 7.4 47. 2 2595 -16.7 4.8 -28.17
195 617 26. 4 6.5 42.7 2595 -14.0 4.2 -24.6
210 617 21.6 6. 2 37.0 3623 -12.5 3.4 -21.1
225 617 18.7 6.1 34.0 3623 -10. 3 2.8 -17.3
240 617 17. 4 5.5 31.2 2595 -8.7 2.4 -14.7
255 617 15.2 5.1 28.0 2595 7.4 2.0 -12.4
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270 617 13.5 5.0 26. 1 2595 -5.9 1.8 -10. 3
285 617 17.8 5.9 32.6 2595 7.7 1.8 -12.2
300 617 23.6 5.8 38.2 2595 -9.5 2.0 -14. 4
315 617 37.5 8.3 58.2 2595 -11.6 2.2 -17.0
330 617 66. 4 9.4 89.9 2595 -15.9 2.3 -21.7
345 617 5.7 9.3 99.1 2595 -15.5 2.5 -21.9

F4-1(c) BRERXFATH z ABRKE—WESHRMLE

NIV BeE Ak [SS=AERN

B TEmE RBT LER LB | BREE KRBT RER LB
M Ol M M o | HREA W S

REPE (mm) (mm) (mm) (mm)

0 3645 35. 7 8.9 58. 1 3672 -30. 8 6.1 -45.9
15 3645 44.1 9.5 67.9 3672 -34.1 6.4 -50.0
30 3645 45. 4 8.4 66. 4 3672 -30.6 5.6 -44. 6
45 3645 39. 3 9.1 62.0 3672 -23. 8 6.0 -38. 8
60 3645 34. 4 9.4 58.0 3672 -21.1 6.4 -37.2
75 3645 31.6 9.3 54.9 3671 -17.1 5.5 -30.9
90 3645 27.6 7.2 45.6 3672 -14.0 4.3 -24. 7
105 3645 25.0 7.3 43.3 3672 -13.8 4.6 -25.2
120 3645 26.5 6.5 42.8 3672 -16. 8 4.2 -27.4
135 3645 15.4 5.2 28. 4 531 -15.2 3.6 -24. 2
150 2903 15.0 5.1 27. 7 531 -20.5 5.0 -33.0
165 2903 16.6 6.4 32.5 531 -23.6 5.8 -38.1
180 2903 20. 1 6.1 35.3 531 -26. 8 5.7 -41. 2
195 3645 21. 1 4.9 33.3 3672 -24. 6 4.1 -34. 8
210 3645 17.1 4.5 28. 3 3672 -21.0 4.0 -31.0
225 2903 11.9 4.8 24.0 3672 -16.7 3.3 -24.9
240 2903 24. 1 6.0 39.0 531 -18.0 4.3 -28. 8
255 2903 22.9 6. 6 39.3 531 -15.5 4.4 —-26.5
270 2903 20.0 6.1 35. 2 531 -11.9 4.1 -22.1
285 2903 19.9 6.2 35.6 531 -12.8 4.2 -23. 4
300 2903 21.5 6. 3 37.2 531 -15.6 4.9 -27.8
315 2903 27.2 6.7 44.0 531 -19.8 5.6 -33.8
330 2903 37.5 6. 2 53.1 531 -29.6 5.0 -42. 1
345 2903 34. 3 6.5 50. 6 531 -30. 4 5.0 -42. 8
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Bt sunscrin o Tone sty KB AR A M B S R AT B R 2T A 2 A R SR 5
4.3.2 HEF AL X EERLER )1 KT 3%
AT DX JRUIE o7 R B 42 1 FE B R L3 42,

R 4-2(a) Al XFEXUm SR F B 420 4 A )R]

M J37 5 744 IEHIE SRBETT A WINCTME W NARAE R XU SR R

FH X = (mm) (mm) = R0

X [R\KPAL RS 330 974 30. 4 37.6 1.24
Y[R FE 135 973 12.0 15.3 1.27
W23 [X-7 [ EA 135 919 24. 8 36. 0 1.45
W24 [X-7 [ EAFE 300 718 40. 1 57.7 1.44
W25 [X-7 [ B A% 300 724 44, 8 63.5 1.42
W26 [X-7 [h)"% B A% 300 734 22.7 32. 1 1.41

NVEAN A XU AR IR ARAE, N R4 H T 3 AR R AL RS B KA -
£ 4-2(b) Al RER AT x MABRRE
AR REHIE AR T R 2 IR R KU N R T

LRI (mm) (mm) (mm) (IR R EO

0 972 -13.3 3.1 -21.0 1.59
15 972 -12.4 2.6 -18.8 1.52
30 972 -10. 8 1.8 -15.3 1.41
45 906 -11.7 1.7 -15.9 1. 37
60 906 -12.9 1.7 -17.1 1. 33
75 973 -12.9 1.9 -17.6 1. 36
90 973 -15.1 2.2 -20. 7 1. 37
105 919 -17.8 2.9 -24.9 1.40
120 974 -20. 8 3.1 -28. 7 1. 38
135 974 -21.1 3.2 -29. 2 1. 39
150 974 -18.2 2.5 -24.5 1.35
165 974 -10.5 2.2 -16.0 1.52
180 972 3.4 1.4 6.8 1.99
195 951 5.0 1.6 9.0 1. 80
210 974 14.8 3.0 22.3 1.51
225 974 14.5 2.5 20. 8 1.43
240 953 11.9 2.0 16.9 1. 42
255 974 17.7 2.9 24.9 1.41
270 974 20.0 2.9 27. 2 1. 36
285 904 22.9 3.4 31. 4 1.37
300 904 29.9 3.0 37.5 1.25
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315 907 28. 6 2.4 34.5 1.21
330 974 30. 4 2.9 37.6 1.24
345 974 25.0 2.2 30.5 1.22
K4-2(c) AlXBERFEATHy HABEKXE
KR EEWIER A TE R ZEE ARBEE XS T
FR5 R (mm) (mm) (mm) (R R H0

0 973 -9.2 1.5 -13.0 1.41

15 973 -6.7 1.3 -9.9 1.49

30 973 4.2 1.0 —6. 8 1.61

45 973 -3.3 1.0 -5.9 1.78

60 720 -2.1 0.8 -4.2 2.01

75 736 1.0 0.9 3.1 3.23

90 736 3.5 0.8 5.6 1.60
105 973 7.1 1.1 9.9 1. 40
120 973 11.3 1.2 14.4 1.28
135 973 12.0 1.3 15.3 1.27
150 973 10. 1 1.1 12.8 1.27
165 973 6.7 1.0 9.3 1. 38
180 973 2.0 1.0 4.4 2. 17
195 736 1.0 0.8 2.9 2. 87
210 973 -1.7 1.0 -4.1 2. 40
225 973 -2.0 0.9 -4.2 2.13
240 738 1.3 0.7 2.9 2. 26
255 925 2.6 0.8 4.4 1.73
270 738 3.6 0.8 5.5 1. 53
285 738 5.0 1.0 7.6 1. 50
300 736 5.9 1.0 8.4 1.43
315 738 5.2 0.7 7.0 1. 36
330 952 -3.8 1.0 6.2 1. 64
345 973 -8.6 1.3 -11.8 1. 37

R 4-2(d) Al REREATH z MABHEKRE
NER EEHWERE  ARPE BRI EE ARIEE R R
Qi) SR (mm) (mm) (mm) (AR R ED

0 728 7.7 3.2 15.6 2.04
15 728 7.7 4.2 18.0 2. 36
30 728 6.2 3.0 13.6 2. 18
45 726 7.9 2.7 14.7 1. 86
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60 726 12.5 2.9 19.8 1. 58
75 724 18.9 3.3 27.0 1.43
90 724 26. 8 4.5 37.9 1.42
105 722 33.7 4.9 46.0 1.36
120 722 35.9 4.6 47. 4 1.32
135 720 34.1 4.2 44.6 1.31
150 720 27.1 2.9 34.4 1. 27
165 722 15.1 2.9 22.4 1.48
180 722 4.8 3.3 13.0 -

195 722 4.9 4.1 15.0 -

210 722 6.0 3.5 14.9 2. 47
225 724 8.2 2.6 14.7 1. 80
240 724 14. 2 4.2 24.8 1.75
255 722 21.3 4.5 32.6 1.53
270 722 27.9 4.8 40.0 1.43
285 724 3.7 6.5 48.0 1.51
300 724 44.8 7.5 63.5 1.42
315 722 44. 4 5.4 57.8 1. 30
330 722 33.9 4.5 45.3 1. 33
345 724 16.7 2.7 23. 4 1. 40

VE: LG RN, (MR EAR AN, BRI R R TR R E AN e, HonT 2
4.3.3 ZEK) A2 X EERGH S1Far 8
R 4-3(a) A2 XJE X B E-F K 246 B R

M S 24 EAEHIER  OCREY WIRCPIME I SIARAE R R R
MR CE) S (mm) (mm) AR R EO
X [ 7KL % 135 336 -16.3 -26. 1 1. 61
Y [ KL% 180 518 -15.0 -29.9 2. 00
W17 [X-Z [n) R EALF 165 570 3.0 -5.3 1. 77
W18 [X-Z [n) ke EALF 165 205 -2.1 -3.9 1.82
W19 X7 [n) % HALES 135 132 19.4 31. 1 1. 60
W20 X7 [a) % EALES 135 461 -6. 3 -10.9 1.71
W21 [X-Z ) ke EALF 135 131 20. 0 31.6 1.58
W22 [X-7 ) ke EALF 330 112 41.6 60. 6 1. 46

HNVEARUL 5 U A T IR AR, TaRgr T & XA A R AL RS e K AE
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R 4-3(b) A2 XEREATH x HABRKE

Ko f EEHIE S MRPIME BRI E R R R
(B FH S R (mm) & (mm) (mm) (AR R ED
0 572 -3.5 3.1 -11.4 3.21
15 572 -4.7 2.3 -10.5 2.25
30 572 6.1 1.8 -10. 7 1.75
45 336 -6.7 2.0 -11.7 1.74
60 336 -8.9 2.2 -14.3 1.61
75 336 -11.2 2.4 -17.2 1.54
90 336 -13.5 2.9 -20. 7 1.53
105 336 -14. 1 3.3 -22.3 1. 58
120 336 -15.6 3.8 -25.0 1. 60
135 336 -16. 3 3.9 -26. 1 1.61
150 336 -14. 1 4.2 -24. 7 1.75
165 336 -7.3 5.2 -20. 3 -
180 419 3.2 2.7 10.0 -
195 419 3.4 2.5 9.8 -
210 572 8.0 3.4 16. 4 2. 06
225 572 7.8 3.0 15.3 1.96
240 419 4.7 2.4 10. 8 2.28
255 419 2.2 1.5 5.8 2.67
270 419 3.0 1.2 6.0 2.02
285 419 3.6 1.4 7.1 1.96
300 419 2.3 1.5 6.0 2.59
315 419 3.9 1.6 8.0 2.04
330 419 4.8 1.8 9.3 1.95
345 336 -1.6 2.5 -7.9 4. 85

Vi JELEmi NGB/, EAH TS AEAR AN, B DR 5 R R E AN I AR, 5T 2
#4-3(c) A2 RERHATH y FHMBHEKE

MRS REEWER  ARTIME MBI E RBIEE BRI R
(BE IIREP=) (mm) fE (mm) (mm) (IR ZEHO

0 570 —6. 2 5.7 -20.4
15 570 -2.6 4.6 -14.2
30 570 0.6 3.4 9.1

45 570 0.4 3.3 8.7

60 570 -1.6 3.6 -10.5
75 570 -2.9 3.9 -12.7
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90 570 3.4 4.4 -14.6

105 570 -2.9 5.1 -15.6

120 570 2.2 5.4 -15.6

135 570 6.8 6.1 -21.9

150 570 7.9 7.1 —-25.6

165 570 -15.0 6.0 -29.9 2.00
180 550 8.5 5.6 —-22.4 -
195 550 -5.4 5.3 -18.8 -
210 570 2.4 7.1 20.0 -
225 570 6.5 5.9 21.2 -
240 570 3.6 4.7 15.3 -
255 570 -1.6 2.1 -8.4 -
270 570 2.1 2.2 -7.5 -
285 570 2.7 2.3 -8.5 -
300 570 4.3 2.5 -10.7 -
315 570 —7.4 2.8 -14. 3 1.93
330 570 —6. 1 3.1 -13.8 2.24
345 570 -7.8 4.4 -18.7 2.41

Vi SELRmi NI ER /N, EAR RS AEAR AN, B S R B EAN I AR, 5T 2
#4-3(d) A2 XZRHTH 2z T RMBERKAE

KEff EEEER ARTIME CRARTTE AREE BRI

(B IIREP=N (mm) fH (mm) (mm) T IR A
0 222 0.2 3.7 9.6 -
15 112 -4.9 4.2 -15.3 -
30 112 -2.0 4.3 -12.8 -
45 112 2.6 4.1 12.7 -
60 112 9.0 4.0 18.9 2.11
75 112 15.4 4.5 26. 6 1.72
90 112 23.5 5.3 36. 7 1. 56

105 112 30.6 6. 3 46. 5 1.52

120 112 36. 7 7.0 54. 2 1.48

135 112 39. 6 7.8 59.0 1.49

150 112 34. 6 6.8 51.7 1.49

165 112 19.3 7.3 37.6 1.94

180 112 6.9 7.0 24. 4 -

195 112 8.1 6.6 24.5 -

210 112 7.4 6.7 24. 2 -
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225 112 6.4 4.5 17.6 -

240 112 10.5 5.2 23.5 2.24
255 112 22.1 6.3 37.9 1.72
270 112 29. 8 7.1 47.6 1.60
285 112 29.5 6.9 46.7 1. 58
300 112 32.7 8.2 93.2 1.63
315 112 39.3 7.9 59.0 1.50
330 112 41.6 7.6 60. 6 1. 46
345 222 20.9 4.9 33.3 1.59

TE: RESWINEERUN, (AT, AN T ROk AR R 20

4.4 ZEHRFUFHNRNETE —UKEHE RS

4.4.1 Z AARSERGEE ) A Bt S5 1k

SEREN MBI CENE) MO R M) TSI ) R B, S

ﬁﬂfﬁﬁuﬁﬁ_Aﬁi BITE R, S RAHRA R, SR P A BRI R R
SERFRIER & 6, 0T OL e RURIN RS, BF AL (IRIR ) RN
IS LIPS

RSB BRI B T 1A IR0 R WIS BRSBTS, BLZINS B 4 R Fta B e
AP 7 0 50 70 AR BRI A RO, S A EE LB E A BOK R 36T 36—

R 20 1 MR B S SR
(L) T T IR RE P 13 FL RS B2 r () RIMER S IIRERTRR (1)

Q)ﬁﬁ@%@ﬁ@%@ﬁﬁﬁ?ﬁ
Cypn = )/max{ t} (te[T]) (4=-17)
(3) LS KRR i [N 77 A B 2] P Bk B X 4 A ) (to)}jj;iﬁﬁ, TR RS 5 245 7 R fur
.
{fea) =Can { f (1)} (4-18)
DA ZEHE, RIRTAS3) o ANSET 5 —m N H bR 4 %ﬁﬁ?jﬁf\f?ik{ il INER NIV
HEAL HARN RN, - S NB) INFER R £ 2 BB R, Taih S MmEE, S5ny S BHir
”ﬁi*‘{ }*DXTTL’Dlﬁﬁﬁflﬁ§zbjjﬁfﬁifﬁik{ BT AFE PR S, AT R e 2
THEMIMER R p o (RN, $EH 2 BARERGH IR EUINAU A S50 e S, R
po P
2.
K, n NZ HIREL BONE i A ERSERE IREEIRU G 25, TR, ZHRSE
N AR E ST F

(4-19)

{Feq}:i{ feqi}ﬂi (4-20)

7 (4-20) FEFETSERRIXAT T L N A LT AL G 1, AMEE K T 5 NN 3R
IR RBORBEESRE, JF H Y B SO AT 5 5.

4. 4.2 SSRGS MR ERSS

KEsPICA 2T 55 B RIT. L5, M. REH. 87T, BRT.
Tt 5 5 AR WA OIS EE RV R MR, WU AT 3T HESREGH (52
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fAE X (E 4-3) KPR, SHKE 8om, B 30m, & 17.5m, Z5HKEL 1/4. 5
%meTﬁ#%%ﬁﬁ11&%@%%%%?%%m%§ﬁﬁo%%moﬁmw°mﬁ%
PN XA A B4 R AR R R B0 AT, WK 4-4 Fis o Hodh bR 6T KUE 2 BL R 28 7 1)
NIE, R T IE§UE S R AR

30m

10m 7.5m

180°
ug @ YZzlscw
240° Sy 2 130
270°=> > <= 90°
,VL
x
300"a %60"
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e

[ ————————————
‘ 0 5F'0'3 0.6 —
202 : 09— — 2 g, |0
Z2— 12 Qg
0
"9-0.9 1.2
06— 09 08
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03 0j;‘A*AAAﬁi;::::jLATJA,rrWQa,
-6 09 06 0.9

T

(a) 0° MUAA EaR XA 2R 4L (b) 30° X Ay bR AR 40

(c) 0% PR A 2R U A 2 5 (d) 30° M)A 2 X E A = 5
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e g
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(e)0° JXUIa] ffy 4t K A 2 2 KL (£)30° JXUIa] Sy 4t KU A 22 5

Bl 4-4 7£0° 130° KA THZEHRBRET R

Hi&la-amT k0, fE0° MU SR, S BRI KU R B AE AT, 1 XU 70 A 3
TR FT SR AR F T, SRR B A T Ea i O AL I KR T BER, SRR
T A KRR 3 e A T A R TR O O, A5 AT R BMETA 11,50 454 T 3R MR HR 7>
DS PRIt e A P T A2 D XU, 00 URIA R USRS 20 R A e £E30° WURIA R, &5H4
AR R A R S AR I T S TR O AL B, TR A T EE A B AR R CF |
fi) A, HERKOUEIER-1.4, HATREIRDZ KM S A WIAGER, (50 KAEKRPA
HE a7 Ja AR T B AEARVE R, S0 N RIIA L AARSBORIE UL, HRE AR A2 UE
0.8, 34k, MEA-ar i) AT RECEE LA 1, 450 BRI RUE 0 S5 s Ak XU R
PR, 250 BRI KUK (K DT RO T 45 R R 1

4. 4.3 GER RIR VTS AN S 20 7 AT

ONFRATGERZR T KT 34 T IR, B R AR R R ARAR S b, Herh Bl IR E
RGEIA T AN 3.3 RIS K, Wk 4-5 s

B 4-5 BKBIRA DfRIRE

K S5 30 715 M 807 3047 a5/ AR THEE, - s Wilson-0i% FINewmark-BiZ: 42 7
5SS R B 1153 Wik s v, - SRg R s IEHVE R, Al sRA g R Bl g B i 4 il
FEo SCHAHE TS AUBLRL T A far 2 FE Rt DN 7R g4 b, JEAT AR N 20 AT, BIDRs XU fr 84 FH 1
[0 3 s 22 A B TR BB S A 224 i R TR0 A B A P Ao 4 L 1R 5 4 AR e 2 AR R — B BEE
RG24, BB EAR R NN . S5 E PR TR 46N, FLEuIS BRI K]
ZHNFRA-4. FHITIA RGBS EUE S T FEN:

[M]{&~+[C]{&+[K]|{u}={f} (4-21)

A, [MPAREERE; [CINMHEHERE; KIS MR {3 NS ishamkim & .
T4, G FBH JE L EL 0.02, FHE T I F E R %45 256 R B JE :%5050 3 8 a = 0.75, B = 0.002.

53 AT N O FRUA) A ~330 A IH) F 2 12 Ff U I) 5 T, ORI T4 1 R s 28 A R e o
T451, iEH ANSYS TR AT S5 K KRB 1M B, SRAF 256 IR B A4 ik F . oA,
WA, BEZKIER ANSYS H(1) Beam188 HEHLIG, RISCH¥IER Link8 M HLG, S5M7E i RStk
F 5% #.J¢ Shell63.
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(a) HMRICHR

&5 &6 S7 58 59 $0 H1 b2 $3
#8 &7 #8 &9 o0 »1 o2 3 o4
37 38 39 $0 M a2 &3 &4 a5
28 29 230 o1 32 33 o34 35 36
J9 20 21 22 23 24 25 26 27
J0 o1 o2 J3 o4 J5 ;6 o7 o8
ol 4 3 & @ $ J $ 3

(b) S5AFR M LAY T mi g 57 B
Bl 4-6 5 A FRTIREY
R 44 B ETTSH

FITRAY LR R /GPa HELVN i SE R
ZhAE Beam188 2.11 0.3 H & A
B Beam188 2.11 0.3 BIE 57 :q10]
A5 Link8 2.11 0.3 TP ek
Vo AEAT] Shell63 2.11 0.3 -

PLO° XU A XS 8/ T B RS HE T ey, 2 BRURS AL) AR ) 9 sl R 300 XU T o o
SRR B [ FE JES e S NS R RF AR T N 0 = 2R SO R B AR, IR T TR AT

e, EHURKE GBIy [ ARERCRMRETT A (5 518, Bl 4-6) BIRR AL
TR — AR E R, 53 A TE EAS B 2546 R v B i S8 R R 4 o 7 B AR, W 4-7(a) s
MBI LUE H, fE28 104.3s BRI 5 55 fUIX ) A7 F8 A 52 H A KM, HAE A
16.075mm, [T ZI K HEFF AR AE A 12.789mm, B3 2I3h K R%4C,p0 = 1.257,
W UL BN IR 405 104.3s B ZIBERT KT ARTE, BRAFEIXE T 5 4575 m I RG] 457 4% 0 7
(SR TR, T S5 KA R R AR TE S, Wil 4-7 (b)) Fiw

— A N
184 ---- HEH fé\; i o7
| 16.075
16 -
g - 12.789
= 14
\._E/ il ‘ | W | i | NIk ‘L.J”-,I RN
.3\.& ] 2 —‘ h | .'_* T | Ml | ’ | | J‘u
=
8 . : , . . . | | | |
20 40 60 80 100 120

1(s)
(a) 9 RUALFE R LI AR
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-0.60 -0.34 -0.32 -0.38 -034 -0.32 -029 -023 -0.44
-0.38 -085 -095 -0983 -0 -081 -072 -062 -0.32
-046 -107 -123 -123 -118 -1.09 -098 -0.84 -0.50
-0.e6 -1.01 -1.06 -1.07 -106 -1.04 -095 -081 -0.56
-024 -039 -039 -043 -047 -049 -044 -034 -0.24
0.51 053 049 0.37 0.30 025 026 0.30 0.28

1.18 1.20 1.11 1.056 0.97 087 089 0.86 0.81

(b) 7T EREERER SIS (kPa)
B 4-7 DAGEH 5 5 IR IAALEE S50k B AR KIS 2508 71 AT

R, PUd R ek (B 4-6) 1B AR S 1SR AN B AR, TR A R
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076 093 110 -123 -127 126 -125 -121 -0.98
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009 007 007 004 004 001 009 017 020
074 076 076 085 090 08 1.00 1.07 1.09
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Bl 4-8 DArp REEHE R R R FIASE B AR HISERER ) AT
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Numerical Simulation of Wind Pressure and Wind-Induced
Dynamic Responses of an Umbrella-Shaped Membrane Structure

WANG Zi-tong, MA Ning, ZHOU Dai, SUN Ying-hao
(School of Naval Architecture, Ocean and Civil Engineering, Shanghai Jiaotong University,
Shanghai 200240, China)

Abstract; By using commercial software ADINA, the numerical simulation of the wind pressures and wind-
induced dynamic responses of an umbrella-shaped tension membrane structure were performed. Some key
effects including wind-induced dynamical displacements, velocities, accelerations and equivalent stresses of
the membrane structure were systematically investigated. Moreover, the effect of several important param-
eters on wind pressures and structural wind-induced dynamic responses was summarized, such as structural
rise-span ratio, incoming wind direction, membrane initial pre-tension and opening/closure forms in the
membrane hat. Furthermore, the structural wind-induced responses and wind pressure coefficients were
obtained. The present results can provide reference for the wind resistant design of similar tension mem-
brane structures,

Key words: umbrella-like membrane structure; wind-induced dynamic response; wind pressure coefficient
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Simulation of Wind Pressure Distribution and Equivalent Static Wind
Loads of a Complex Longspan Dome Grid Siructure Under
Undulating Terrains
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(1. School of Naval Architecture, Ocean and Civil Engineering, Shanghai Jiaotong University,
Shanghai 200240, China; 2. Technical Centre, Shanghai Xian Dai Architectural Design (Group)
Co., Ltd., Shanghai 200040, China)

Abstract: The wind pressure distribution, wind-load shape coefficients and equivalent static wind loads of a
complex longspan dome-grid structure under undulating terrains were numerically simulated using FL.U-
ENT. The results show that the distribution of wind load shape coefficients are quite different with the
change of the wind direction. The time-history series of wind velocity was simulated based on the harmonic
superposition method and then turned into the time-history series of wind pressure. The FEM model of the
structural system was constituted by using ANSYS and the structural wind-induced responses and wind
load shape coefficients were obtained based on the time-history series of wind-pressure. The wind-induced

dynamic amplification factor was defined, so the structural resonant responses could be considered. Then,
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STUDY ON EQUIVALENT STATIC WIND LOADS OF
LARGE-SPAN SPATIAL STRUCTURES AND WIND
PRESSURE DISTRIBUTION OF COMPLEX SHAPE

SPATIAL STRUCTURES

In the temporary society, people have raised higher requirements for the functions and
aesthetics of buildings, which trigger the emergence of a variety of new building materials with
light weight and high strength as well as continuous improvement in construction technology.
Large-span spatial structures are highly favored for their beautiful exterior and broad internal
space. They are widely used in airport terminals, galleries, stadiums, industrial plants and other
large buildings. And technology concerning spatial structures has become one of the most
important symbols to measure the level of a country’s construction technology.

However, this kind of structures tends to be light in weight, large in span, great in flexibility,
and low in natural frequency, which makes them sensitive to wind loads and wind loads
sometimes become their control loads. Wind load is a typical random dynamic load and structural
dynamic response calculation under wind loads involves analysis of wind load characteristics,
structural dynamics and the coupling interaction of wind and structures. In order to simplify the
structural wind-resistant design methodology, structure designers urgently need to use the method
of equivalent static wind load (ESWL) to carry out the engineering design and calculation.

The study of this paper is mainly divided into three parts. In the first part, this paper
systematically elaborates the research status of numerical simulation of the wind pressure
distribution, wind load and equivalent static wind load (ESWL) of large-span spatial structures as
well as the basic principles of computational structural wind engineering and common turbulence
models. On that basis, a program describing wind velocity profile is written and Fluent software is
used to carry on the numerical simulation of wind pressure distribution and wind field
environment of T2 terminal of Nanjing Lukou international airport and T2 terminal of Wenzhou
Longwan international airport. After that, the numerical simulation results is compared with the
wind tunnel test data to verify the credibility of the simulation results.

Difficulties of the simulation work lie in the following aspects. (1) The complex shape of
structures makes geometric modeling very difficult. T2 terminal of Nanjing Lukou international
airport has wavy roof with elevation and curvature changing continuously. T2 terminal of
Wenzhou Longwan international airport stretches out wing-shape structures at both ends and the
cross section of its roof is irregular arch. Such conditions easily lead to difficulties in meshing
work and divergence of calculation. (2) The Reynolds number of numerical simulation work is
very high which would decrease the stability of calculation and cause divergence. (3) The
surrounding buildings cause great disturbance to wind flow and this results in the rise of
complexity of simulation work. (4) The large scale of structures makes quantity of meshes and
amount of calculation great as well as increases the difficulty of post-processing and analysis.
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Through iso-contours of wind pressure and streamlines of wind field, the law of wind
pressure distribution is revealed. The study shows that wind pressure and wind field change
violently at turning points of structures and those places where curvature changes rapidly, which
must be paid much attention to. Besides, wind pressure distribution is affected significantly by
different wind incoming directions and surrounding buildings.

The calculation shows that the results of numerical simulation and wind tunnel test data are
in good agreement on the whole. The simulation results can be used for structural wind-resistant
design work of large-span spatial structures. Differences between results of simulation and wind
tunnel test data lie in aspects below. (1) The model used in wind tunnel test is a 1/200 reduced
scale model when numerical simulation takes a full-scale model which can reflect the actual
situation of wind field environment. (2) Lateral walls of the real wind tunnel are too close to the
test model which results in the wall effect, namely, air flows back when it meets lateral walls. In
the simulation, distance between lateral walls of the numerical wind tunnel and the geometric
model is at least four times the maximum length of the model. Wall effect is weak and can be
ignored in such conditions.

To summarize the first part, results of numerical simulation actually reflect the wind pressure
distribution and visually present the wind flow around buildings. What’s more, comprehensive
analysis can be easily made by changing some calculating settings which provides objective basis
for studying the characteristics of wind load and structural responses.

In the second part, the paper focuses on the numerical simulation of wind load time history.
Natural wind can be decomposed into average wind and fluctuating wind. In a given period of
time, the direction and size of average wind velocity remain the same. As a result, structural
response caused by the average wind is the static effect. On the other hand, the direction and size
of fluctuating wind velocity change with time and structural response under fluctuating wind is
dynamic which would cause structural vibration. For large-span spatial structures, dynamic
response caused by fluctuating wind cannot be ignored and must be taken into serious
consideration. Because of the long cycle, large amount of work and high cost of field
measurement and wind tunnel test, researchers tend to numerically simulate fluctuating wind by
computer. The principle of simulation is to express wind velocity as a function of time. According
to the theory of random vibration, wind velocity time history can be regarded as a random time
sequence describing the stationary random process of changing wind velocity by defining the size
of time step.

Due to the formation mechanism and flow characteristics of its own, wind load shows a
strong randomness and is a typical kind of random loads. The first step to carry on the
wind-resistant study and design work is to accurately describe the wind wvelocity and
characteristics of wind load based on the analysis of probability and statistics. The second step is
to calculate the random response of structures under simulated wind load. At present, methods to
solve the vibration response of large-span spatial structures under wind load mainly include the
method based on the frequency domain and that based on the time domain. Although the
frequency domain analysis of wind load based on the linear superposition is clear and simple, it is
not suitable for nonlinear structural analysis. The time domain analysis is suitable for nonlinear
structural analysis and can be used to obtain the whole process of structural response.

This part first expounds the common simulation methods of wind load in wind engineering
research, such as regression method, the harmonic superposition method and the wavelet analysis

F2 L3



/. SHANGHALJIAD TONG UNIVERSTTY AR AR A S N RS R AR ARE S Hi5

method as well as principles of various simulation method. The main work of this part is the
simulation of wind velocity time history based on harmonic superposition method by MATLAB
language. The simulated wind velocity can be used as the inlet boundary condition of the
numerical wind tunnel to obtain the dynamic wind loads. The calculation shows that the simulated
fluctuating wind reflects the spatial and temporal correlation of real fluctuating wind. What’s more,
the wind power spectrum, average wind profile and turbulence intensity of simulated wind are
well fitting the theoretical values. In the wind tunnel test, it’s difficult to achieve such accuracy.

The third part concentrates on the equivalent static wind load (ESWL). It first introduces
several commonly used methods to obtain ESWL of structures, such as Gust loading factor
method (GLF) , Load-Response-Correlation method (LRC), Inertial Wind Load method (IWL)
and Three-Component method, briefly describing the calculation principles of those methods and
their advantages and disadvantages. Then taking T2 terminal of Wenzhou Longwan international
airport as an example, the paper shows how to obtain single-objective ESWL. After that, a
large-span arch structure was taken for instance to obtain multi-objective EWSL with the new
method proposed in this part.

This part features a newly proposed method to calculate multi-objective combination
coefficient and get multi-objective EWSL. Finite element model was established and
wind-induced response was calculated. Then single-objective EWSL is got with the instantaneous
pressure distribution of the structure at a particular time. On this basis, the concept of
multi-objective ESWL coefficients are defined and single-objective ESWL are combined based on
the load-response correlation coefficients, resulting in multi-objective ESWL. These combination
coefficients are determined based on the correlation of wind load time history and response time
history of structures, which simplifies the solving process compared with methods involving least
square fitting. Applying multi-objective ESWLs based on the method presented in this part on the
large-span arch structure, the study shows that nodal displacements and vertical reaction force of
the middle column of structural system under multi-objective ESWLs are in good agreement with
extreme values of structural responses in dynamic time history analysis.

To summarize the third part, compared to traditional gust loading factor, the structural
response results based on the presented method have smaller discreteness and are closer to the real
responses of the structure. The newly proposed method is effective and reasonable.

In conclusion, this paper expounds how to obtain wind pressure distribution, velocity time
history of fluctuating wind and multi-objective ESWL by means of numerical simulation.
Credibility of simulation results is verified by comparing them with wind tunnel test data and
theoretical values.
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