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Fig. 3 Structural parameters of the prototype cooling tower

LA IR RS X R B KN | BH ZE R
TV BRI A DL A TR R ¥ 0 I 0 A TR L ]
45 RUEG R 12300, X5F 7 A9 XU BEL 2 R 2k 0.7 %6 <<5% .
BRI P A 3R T 5 B T 1) 43 ) A B A2 R 12 2
FE 8, RS0 A0 #3605, it B 12X 36=
4324 H ) 55, 4} 36=144 /> PN He I 5 (2 &1 4 e
TR o Vo I I K (B A I 45 AL 3R T 48 U AR R X R
BALN R BRI a4 o) X A A A R R
T HEL A 5 A 235 5 B O 9 S B 0 I 5L S R R
G Al AR R R AR, o 3l g A B R A BE R
s AN T J2 250 1 REL RS 4l Sk 81 4 A58 78 3 1 R B,
ERLRE 40 95 10 mm, J= 0.1 mm. 5 b O S bR o
S COK T RLAD Y FE IR B v H1 38 A0 35 1 7 2 KU
S i 28 RN Zhao™ 45 R A VA E1HE 5L I A4 bk 3l R
FE oA 2k . 248 E0 35 A0 2 RS W 4 R 40 i,
ORI S LR SR B, A B R A R R Y
(BRI K BI A 53 A1 4n 1] 5 TR o

WA ASE AL 300 IXUTIR] 385 7 ) % K & oK T2 B
I R TR TI-3 KA AZE KA it 47, %
IR A P18 1] 3 =2 R AT AU 3 B 9 15 m s

600 [

500

400

& / mm

300

=

200

100 1

0

SME I PRI R
PR 4 DA 0 A 00 3 AT ¢

Fig.4 Pressure taps on a rigid model

F2m K 14 m, RGE AT EE R 0-17.6 m/s. 4
rh R FH 2 B RO RS JT B UL B 28 B A XL, XU LE
L5, B - 1 XU T L 25 3t B2 R0 ] X3 5 B0
WA R (I 6 it R ) o



926 & oz T B % %34 %
12 0.30
GE — KT 0.25F —Zhao”
0.20
]ﬂ’\ H\ 0.15f
X -0.6f X
0.101
-1.2 0.05F
_1'80 30 60 90 120 150 180 00 30 60 90 120 150 180
/(%) R/ (%)
(a) TFHIAE (b) BkBNXUE
(a) Mean pressure (b) Fluctuating pressure
(IS8 C R K VR E S
Fig. 5 Simulation results of Reynolds number effect
1.4 1.4
—— R —=— RIS
L2 — figi™ L2 (TS
LOF 1.0F
N 0.8F N 0.8
N 06} N 0.6F
0.4F 0.4F
0.2F 02}
% 1 1 1 1 O 1 1 1 1
.6 0.7 0.8 0.9 1.0 1.1 6 8 10 12 14 16
U/ U, L%
(a) “FH X T (b) IR EHIH

(a) Average wind profile

(b) Turbulence intensity profile

10°F
10k
U
S
Q 107k ‘
— R
10} - - Karmanik
... Simiui
- .-Kaimali
10°F
10° 10° 10" 10’ 10'
nZlU
(c) NG R Jap R it

(c) Along-wind speed spectrum
E6 U g6 B 48 XL 3%

Fig. 6 Wind field characteristics simulated in the wind tunnel test

3.2 BRTHH

7 1) B A AL 35 1 B I 25 1R) 5% Shell63 H15T
XA S R IR 3 R F 25 (8] 4% Beam 188 BT, S0
IG5 IR LN . B RV R A 4k 55 )2 NI
JEE B B THAR WK S 5 L1-1.55, 465 53 F1 54 2 43 5] Ty 1%
TO0 M S £ 0 A 0 8 A, g 22 T B 1) 2 20 Rl 43 96 A4~
BTG, SRR 4 o 96 A HoT , BRI R 43 O 144 4 R
T 3 BE A RN SR SR FH CAO0 TR &+, 3R 3R C30 iR

o EEBCHOCR NS5 4 3 )RR PE AN R 7 AR 2 R .

R T WG K Aeg AR T A 45 R e R A 1 IR
o 28 3 ) A VR RT3 56 A9 2 2 XU IR AR AT COK T
B ) 52 U B 2 ST TG il X 25 3 IR A 28R
(WL (2)-(5)), It FE A K B H 50 m/s. &
W B 88 A A H Al AR AR GE 52 43 i ¥ (POD
)R R P A0 2 T KU I A A R B S BR T
R X 7 (1) 56 X 96 A5 . Bl 8 LIS & Hh R AR 20



%5

X

R, A5 o LTI AR A ) ISR B 4 R TRV ) S A XA 4

927

L55
L1 i
yix ‘
(a) BARH PR TR (b) FETNI R () JRSTAE A HE
(a) Overall FE model (b) Stiffness ring on top of tower (c) Supported columns and ring base
E7 “HBEARTHER
Fig. 7 FE model of cooling tower
F2 REAEBEWRHHEFE
Tab.2 Structural dynamic characteristics of the cooling tower
S i 2%
O R e e e U/ R
z Hz
. 1/2 085 5/6  0.93 o
@ 2RSS SAN IR 2RSS 3N IR
b
I
0 L L L L 3/4 0.86 33/34 1.61
0 20 40 60 80 100 & =
L e IR AR BRI
1600
— B ---HE mRAE ---BM = —B%E
1200 &
g
R 800 A
&
400
0060 120 180 240 300 360 420 480 540 600
1] / s
(a) F %A
(a) Axial forces in meridian direction
06 — B ---%E BRAE ---&ME = —H%E
0.5r o ‘ | o
ol PR AR
g 03 “I rl’l r“l I 'm Ii Hn“'m‘ .h\\lq 11 I ‘ ]' il IJ ! T‘Tu‘j l ‘
%—3 ,..,.,.,A,_.,_.w,g.,,m_‘ A | A ﬂ_.,u.. s
0.2F
0.1 L L ! L . . L ! .
0 60 120 180 240 300 360 420 480 540 600
FiFa] / s
(b) FF [ S MU 55

(b) External reinforcements in the meridian direction
P8 B I XU E 5 20 )2 B T0 i R I A2

Fig. 8 Time history of wind-induced response of .20 at the stagnation point of tower drum



928 & 3 T

S

034 %

JZ 00 (1.20) 10 KUSE 50 5 7F 11 4l 7 057 1) Sk
T 315 2 1), BB 7 A5 44 9 0 I R A I R R X T
£ MU 23, 2 (L, G o 9 T A9 236 /0 Pl RIS d /)
e A3 R A o

4 FEEN

4.1 B—RKEANEN

R PR 5 T 252 e AL 8 5 AR S 0
T EARYRE L  PE T4 1) N, BRI N
L [ 25 4 M, R 1) 25 56 M 9 426 i 28 6 e 90
AR 2 A 30 2 AR R ) 79 3 0 5 20 S ()
910 JF 7% ) 5 bt L B9t IXUTE R 1 7 e % 4 B ) —
26 R 16T AT BT I 40 B B AL 3 28 KU R Y
Y 2 £k MR 3.1 B 7 SR B . b AL T
P WD SRS SF N
_Q
Q.
oty L R L BELE AU A 5 B
R I 0 VAL 25 1 LA Q. T Q4 31 A LS KL
FE A 50 3 75 KU W 17 6.6 £
1T 20 25 026 M1 Q. U8 T Wk 20 KU 28 30 17 T A
HHE L T RUR 2 030 2 o A b B, T 2 0T 2051
B DR AE S e 1 2 AR o 5y = 106 T o 450k
T B A — 7 O T A 5y < 18 T 90 5
R 2R B IE 5 4 B 5 4 5y — 1 08 I S5 R A
I ) I S 45 2 W A 2 2
V0 O 1 10 40 511445 thy 7 95 XU 2 i g A 2
T 7, 4% AL 140 26 080 A8 A KU AR T T
0 5 T4 A0 ) —— T2 Tl S TR LA R L
R 6 3 17 b T 9 T L 5 4 W 2 3 25 KU %
{8, EAFAE — 3 T4 e KA TTATE o 70% 35 F 1

(12)

PR ISR RE e A L 2 B S o e R H
28 5B/ o R T RO BN B BR ) A T 2 B e R
Ne FEMER LU B AE/N T 3 J) e 4548, 16 1k 5 LA
EHEAE S B S A A 22 R /DN s IR R LT NG AE
e 78 LA A 28 XU A T A 45 2R 8 200, 7 e 7
PLE S EA TCAY o X 7 1) L ER [1] 25 5 M, Al
M, B2 MR AR AT 893545 AR 56 B b 1 i 22 57
B/ A W S B A ML A R A B R AR o o R
— N 7B S R e ) AR BT WL CAn i 11 Ca) BT 7R )« AN
[ Bt 288 A g 22 M), 2 2 [R) Aof 250 AN (] D 1 #9979 )
ZA8], P9 2R BB A 1 E 1 23 A R X R v A
B 25 UESCm o7 1) 52 2 P, LA [R) 2 B 1N ) O s o
S 57 ) A AR X B SO AR R 22 S s W R
TETFH X5F I P B 23 A AL QLR ] 1 -4 R s 9 2 BT A
N 1 AR R0 22 L 25 280X 480 A A R A HG TR e
(9 B 11(h) &5 H i 35 N A2 45 4 55 2 L 491
B AT R B T, X8 R — 45 A9 S5 A
A A A S B A A ], I SR e 98 D3R 3, DA
FRARAY 22 5 0 2 W A R T

4.2 AOMAEEEN

P12 X0 [ 1 3 30 XU A 2 3 g 23 BT 3R A 1Y
P A2 IASC PN 7 ) T A3 46 £ -5 3 25 288 XL 2801
FTT B0 35 B BC 3 (L, v] LAGR H 2 60 T 30 ) 3 A0 i
W3 oco B pcr, IR XU 730 A1 BT (9 45 AR 12
26 9] 32 B BT U R B O X S T8 A Y B 1)
e 75 i 5 /0, Z2 B0 DU #h /N A R AR DX 2
B2 S A ek B Al B A0 2 A . A KU A
UG5 R Y 22 5 B BRIAE 70 10 B A 0o H1 oy, FL
VAR AR IS 7 b R 8K T 3h A L 45, A A i s 1 %2
il #, B R TUAR BE R 3 5096 5 (H 78 Mk SR B 3T, AL
Bl = (=Y E I U R R R L S KLU0 VTR 4 6 o N i €2
e 2 4 U

180 -—O—7KI*m5(hk[zsl &

o s
160} HY T
140
1201

100

& /m

80
60
401

20+

40 30 20 10 0
N, /(10°N/m)

10 20 30 408 6 4 2 0 2 4 6 8
N /(10°N/m)

N/ (10° N /m) N/ (10°N /m)

9 fhegk

Fig.9 Envelope curves of axial forces



o5 5 B

R, A s I T IS PN T IAS A o ) O 2R 4 ) % 5 0 XU A 28R

929

180 _—0—7J(I*Jtnj§[
——EhAEL%

160 |
140
120
g
m 100
T g
60
40|
20 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
8 6 4 2 0 2 4 6 820 15 10 5 0 S5 10 15 20
M/ M/ M./ M./
(10'N * m/m) (10'N * m/m) (10°N * m/m) (10°N » m/m)
10 5 5 AL 45 .

Fig. 10 Envelope curves of bending moments

180F —o—MO
—o—MI
160 ——CO
140 A
——M 120+
g —O—M(; g
o + > 100F
= =N, i
g ——N, I gol
_O_MM"
——M, 60
_D—NM+ -
N 40
5 200 3 4 5
4
() B—A7 (b) WML &
(a) Single internal force (b) Weighted internal force combination
11 A[E A I 4R T 5% 2808CR
Fig. 11 Equivalent effects under different criteria
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Equivalent static wind loads of large cooling towers based on weighted
combinations of time-variant internal forces

ZHAO Lin"**, CHEN Xu"*, ZHAN Yan-yan', GE Yao-jun"’
(1.State Key Laboratory of Disaster Reduction in Civil Engineering, Tongji University, Shanghai 200092, China;
2.College of Civil Engineering, Shanghai Normal University, Shanghai 201418, China;
3.Key Laboratory of Transport Industry of Wind Resistant Technology for Bridge Structures, Tongji University, Shanghai
200092, China; 4.State Key Laboratory of Mountain Bridge and Tunnel Engineering, Chongqing
Jiaotong University, Chongqing 400074, China)

Abstract: The equivalent static wind load (ESWL) is a quasi-static equivalent load model for dynamic wind loads and structural in-
ertia forces, covering the envelope values of structural dynamic responses, which belongs to a simplified analysis of load effects in
the structural design. In the wind-resistant design of large-span spatial structures, the selection of equivalent criteria and load pat-
tern recognitions are the key steps to transform complicated dynamic loads into quasi-static ones. At present, there are a series of
criteria adopted to evaluate this equivalent mode. However, ESWLs based on different criteria generally turns out to be divergent
and no universal, reasonable and comprehensive ESWL evaluation standard heretofore has been widely accepted. To reflect the
comprehensive influence of different internal force responses on structural safety under the action of wind, a novel evaluation criteri-
on is therefore proposed, which further develops the existing criteria from the load or structural response to weighted combinations
of internal forces. For reinforced concrete structures, the weighted internal force combination can be embodied by reinforcement ra-
tio with a clear physical meaning and engineering application feasibility. A large cooling tower was selected to perform case studies.
The time-variant wind pressure measured in wind tunnel tests was applied to the FE model. The transient dynamic analysis was
conducted to calculate the time histories of wind-induced dynamic responses and to get the corresponding dynamic reinforcement ra-
tios based on the weighted combinations of time-variant internal forces. Furthermore, the safety redundancy of traditional ESWLs
defined in the present code could be evaluated on the level of single internal force and reinforcement ratio, respectively. Finally, the
ESWLs based on the equivalent target of reinforcement envelope and the weighted combinations of multiple internal forces was de-

rived, revealing rationality and convenience of the proposed algorithm.

Key words: large-span spatial structure; wind load; large cooling tower; weighted combination of time-variant internal force;

dynamic reinforcement envelope
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