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Ultimate Axial Strength of Longitudinally Stiffened Cylindrical Steel Shell
for Wind Turbine Tower
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Abstract - Ultimate axial strength of longitudinally stiffened cylindrical steel shells for wind turbine tower was investigated by
applying the geometrically and materially nonlinear finite element method. The effects of radius to thickness ratio of shell, shape
and amplitude of initial imperfections, area ratio between effective shell and stiffener, and stiffener spacing on the ultimate axial
strength of cylindrical shells were analyzed. The ultimate axial strengths of stiffened cylindrical shells by FEA were compared
with design buckling strengths specified in DNV-RP-C202. The shell buckling modes obtained from a linear elastic bifurcation
FE analysis as well as the weld depression during fabrication specified in Eurocode 3 were introduced in the nonlinear FE
analysis as initial geometric imperfections. The radius to thickness ratio of cylindrical shell models was selected to be in the range
of 50 to 200. The longitudinal stiffeners were designed according to DNV-RP-C202 to prevent the lateral torsional buckling and
local buckling of stiffeners.
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Feurd w918 U 17 ggwu 27 o) JekkEdE

GMNIA(geometrically and materially non—linear analysis
with imperfection) & $=35}o] 7|5l8+A %7148t HAF
W A%o] B w| v G BNt 713k
812 z7)4dsko] YAFS MY X34l (Linear Bifurcation
Analysis, LBA) 2 HE 1 JZFRt U A2 744 of A
Lo 7 A= dEHE (weld dimple) & 13T
715keta 271439 Fr=E Uehl= A& (amplitude)
FHaH 27|HE 2 79 A Tl gt vz Agson
LAHE 27| 4389 9= Eurocode 3 14 #8314
oL fahas o weo] 48 27 9] 3 Aﬂl‘ﬂEA
0] (L)~ 6,000mm, HF3 (2 2,000mm, F7 (
10mm, 13,3mm, 20mm, 40mm= 7}Y3}% T}, 01]7]01]A1
gk 4] ¥ o) S (/03 50~2000. o] e
B9 e ) 29 22 A8 welol s, %
WA B (flat ban) S 831500, o5
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STIFFENER

2.240) 7|&%H Aol To|Z(orthotropic plate
theory)< @%2 Fglon the Aog 5t S ATAS
A

o|-g3stef =

il

of7|A, Ae FUFEAA TN A, s SHFEI
Ao} 7+ vrepdlict, v, B7F 4o s/t > 3+/r/t Q1 S
o uls7g AT AT SeUst Pt wn g W2 7
Zsto] AB] B B,

THRFo & Bk Ao sl 4 2 (shell buckling)
9 3 g -2 737 F=(panel stiffener buckling)of thst 4
E7F Q= Faebdd 222 o 4] (2)9F At

J&i —fked (2)

9] Ao A o, ¢i= von Mises 859, f. = SAH=EH

T2 floa =i/ T8t F2A G 42 off] Ao g A
gitt,
v, =115 (A,<0.5)
vy =085+0.60, ( 05<A<1.0) (3)
vy =145 ( A,>1.0)
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w2 =20 A AN A4S DNV AARZAE [,
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B0 HHELL Fig, 2ol el vl 2] 4}
BAE ABAQUSS] 487 412 40] S4RE mHl2atT)
Fig, 2(b)oll Y v} o] B7} 4 AR S415 o] 7H
9] 7% AZ(reference point)S W11 4l A ThHof
YA RE 83ta 4 AAT A Q4 (rigid element) 2
AN} 71 Aol Z35S 7elo] ol FUE S}
o] AEIEE i), Therl A AAZNL BAE] 9)
stol 4 shekiie] BE Yol Al W] M, v, W
5k ubatol SMSI(9) = 74551 Skgrend, 4 Aretol
AT GO Y U W MR, WE T

Eipiie

A3t B = AR SM5205 A-g-3 o o] A<
TAFEAE (f,)= 355MPa, S7E (f,)= 520MPa, B
AA4 (B)= 205GPa, WPH3}t 1to|Ae] edA4

(E,)+= 3.6GPa, A3/} A== W3 & (e,)+= 0.0208
2l XHEEH‘ = A}&w} 3 HFo] 23 P (dimple) 2
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(a) FE mesh

(b) Shell coordinates

Fig. 2. Finite element model
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(a) Location (b) Depth and length

Fig. 3. Location and details of weld depression
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Table 1. Dimension of stiffened shell with various values of ¢ and FE results by LBA (r=2000mm)
Longitudinal stiffener 5 P
Section r/t t - h Aiwl Pg (x fo (= A:t ) Bucklh;)g buljlzzrrllzerwjes
@m) | mm) | @m) | " | & st 107N) (MPa) mode (m, xm)®
S50-A12 21 195 0.12 1383 2473 SB 6x14
S50-A30 | 50 50 205 15 0.30 1849 2641 PSB 2x10
S50-A50 65 260 0.50 2046 2729 PSB 1x8
S100-A12 13 115 0.12 358 1272 SB 9x20
S100-A30 | 100 32 110 21 0.29 414 1279 PSB 2x12
S100-A50 46 130 0.50 525 1394 PSB 1x10
S150-A12 10 78 0.12 153 816 PSB 3x16
S150-A30 | 150 28 70 26 0.30 181 830 PSB 2x14
S150-A50 38 85 0.50 214 852 PSB 2x14
S200-A12 8 60 0.12 70 500 PSB 3x18
S200-A30 | 200 23 55 30 0.30 91 557 PSB 3x18
S200-A50 32 65 0.49 115 611 PSB 2x16
1) A4, :Ash,ﬁH+Asr,fffene7'
2) SB: shell buckling, PSB: panel stiffener buckling
3) m;, m, number of buckling waves in the longitudinal and circumferential directions, respectively
Table 2. Dimension of stiffened shell with various numbers of stiffener (1) and FE results by LBA (r=2000mm)
Longitudinal stiffener P
Section r/t t gh s R‘; lo = A:t) Buckling buljlzllrilrllzeivies
(mm) | (mm) | (mm) no | (10N (MPa) mode (m, xm,)
S50-N15 838 15 1383 2473 SB 6x14
S50-N19 50 21 195 661 19 1457 2532 PSB 2x10
S50-N23 546 23 1478 2497 PSB 2x10
S100-N21 598 21 358 1272 SB 9x20
S100-N27 | 100 13 115 465 29 376 1296 PSB 2x12
S100-N32 393 32 383 1287 PSB 2x12
S150-N26 483 26 153 816 PSB 3x16
S150-N33 | 150 10 78 381 33 160 831 PSB 2x14
S150-N39 322 39 162 821 PSB 2x14
S200-N30 419 30 70 500 PSB 3x18
S200-N38 | 200 8 60 331 38 86 602 PSB 3x18
S200-N45 279 45 87 592 PSB 3x18
20|14 S50-N15+= r/t=500]11 FHFR I 74=(n) 7} 15 AFHA(4,,,)0] =715 glFEoz EAHt S50 S100
QLA AS vy, FYFEGA 5 1250 o2 o] A9 B 47t ket 1,258 oldo]H i
E2¥ 5200 o et e 2kE-3-2o] 20% A S71EE £ A R fud-BA FFRER vHE e
g U 2] o= AL Zpol7t glis ASRE SiAE o, 5150 W S200 ZEHlof| A= HFA)] 42of w2 s o

£ H3ith Fig. 5

o= n/ny=1.259] 4 W] LBA HFHALS L olct,

o3 =24 Al29d A2E(Ed A147%) 20179 44
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(a) S50-A12 () S100-A12

=

() SIS0-A12
Fig. 4. Linear buckling modes by LBA (§ =0.12)

(d) S200-A12

=

(a) S50-N19 (b) S100-N27

T

(c) S150-N33
Fig. 5. Linear buckling modes by LBA (n =1.25n,)

(d) S200-N38
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metal plasticity) 2

von Mises gHE R ES M A7t afjA= S H
73} (isotropic strain hardening) @& ARE-5ISITH
SHEAY HE A melo AXHESo| S

[e)

4

il
gro 2 g2 (yield surface) | 7|7} o+ 43} H
8| 85le] mE S8urgko & gl o go] 2713 4 917
1:]—‘ 7]‘5]—61—X‘] ;}_7]7561—_4 63/\1—._ 17(40” i _/’\_ 3}
Bzefalo] gt A= 9l Fig, 3o YEhd 84 |
) (weld dimple) S 11#}T}, o] Aoji= EHisko 2
A AT A Ao 27143 4 3 AE, faE

i

0 JHU o off

HARTA (n,) 2 HAE A L O] GMNIA 34 ol A
85 71518H4 27193 P42 Table 10] 8.oF Hie} o]
6=0.1291 S50-A12 ¥ S100-A12 RdofAqt 4 H=r e
ojm ThE H= E%l% HU-EBA) FEREE et =

7143 AE(w,)& 4o F7(2) ] 1~3u 2 F7}3}o]
AEo| 5719 EP—E% SAAE(P)  FAAEEET)
& Table 30 RoF3I3ith, of2], 24l 7|3 DNV-RP-
020210} o7 AARZHIE(f,,) = Table 30 Hehhs)
t}. Fig. 60l S50—A12 Beof tha) Z|cf W 917} Ay
Sk IAIlA Y] shE-H ] FAS UEhgith 271
o] T71E FeUEY L Hashe AFS HolH, Hd
shaoll =g uj7hA] Hot F51g vl AEE Hol= A
S il

Table 3 Ao LA} r/ro] WE GMNIA FE3|4 o]
oIt £,9F DNVl &%t £, S f, 2 FARERelo] Fig. 79
a3t st 27189 AFo] K= A, 9 f,7)

A5t 3l= Table 30278 & o= Qlv}, /&) 7 22>

Table 3. Axial compressive strength of stiffened shell having
initial imperfection in buckling modes with various
amplitudes (w,/t)

DNV FEA
Section I wt P, £, fulFrsa
(MPa) | ° (<X10°kN) | (MPa)
1 185 331 1.13
S50-A12 | 294 2 159 284 0.97
3 144 258 0.88
1 87 311 1.28
S100-A12 | 244 2 76 273 1.12
3 7 255 1.05
1 62 330 1.59
S150-A12 | 208 2 54 287 1.38
3 49 262 1.26
1 44 313 1.71
$200-A12 | 183 2 36 259 1.42
3 33 234 1.28

1) fy,s: Design buckling strength of a shell
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S50-A12 BEo| AL f, = FEAE v w,/t=12]
g.e 79, w, /t 291 BY8 20%, w /t=3°l mde 979 7F
281}, /) 71 2 S200-A12 HEO] AHS f =gk
7y o] vl w,/t=19] BEL 19%, w,/t=29] BE-L 27%,
w,/t=3Q1 WAL 34% 7asltt, r/7h & REYsE X

Pu(x10° kN)

i | T -

0 100 200 300 400 500
Displacement (mm)

Fig. 6. Load-displacement curve for S50-A12 model

1.2

o L
o n
_ .
08 ] o
N s A *
- A
= .
-
°
0.4 —|
O FEA(w/t=1,8) M FEA (w/t=1, PSB)
& FEA(W/t=2,SB) & FEA(w/t=2 PSB)
A FEA(w/t=3,B) A FEA(w/t=3, PSB)
® on
0 . I - T - T r T

T
0 50 100 150 200 250

r/t

Fig. 7. Effect of imperfection amplitude w, on axial compressive
strength of shell with initial imperfection in buckling
modes

(@) S50-A12 (w,/t=1) (b) S50-A12 (w,/t =3)

(¢) S200-A12 (u,/t=1)

(d) S200-A12 (w,/t =3)

Fig. 8. Effective stress distribution of shell with initial imperfection
in buckling modes at ultimate state
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Table 1o UEhH mdlojn] 27]|3& o] PAS [BAR T
o HERER o AE2L w, /t=1E 839t FEY
o2 7% P9} f, 4 DNV-RP-C202"9f| Q)3 AA#=27
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> L Z71akA]0E $150 W S200 U mEle] £ = 7hAasto]
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o] Z7F avks A2 A 0w BAREY, Fig, 9= f,2 FAk
b f, 5 r/t ] E}E} Uebd 1ol 6=0.128 7}
wdof vjaj §=052 R7}E EHLOJ f.E 29%~13% Z7}3t
gHHo £, = ALY o] fle AR A=, ofk&e,
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S7Fhe A3 Bt
Ao| HFHEY 27| ATS 2= 49
kS 7517 94l Table 20] QoF%
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Feurd w918 U 17 ggwu 27 o) JekkEdE

[

e FHFEAAL Mpn)E HERGA () 9
1,254 9 1 58 = F7FAIX] Edlo]t}, GMNIA siAfoflA] %
7|3 o] FAFS Mﬁﬂgq_%sHM_g_i I3 HFHEE A5
Aom, Ho &L w,/t=1S A9t FEs|H o=
st f, 9} DNV AAZZE £, 5 Table 50 8.oFs1% o,
r/t Blo| W2 £, /f & Fig. 100] YERJSITE,

S50 S100 HHOA n=1.25n, X n=1.5n,21 3%
n=n,2 ZHEt GSF=7F oF 5%~8% F7I5H=
Table 5025 #4134 Qlck, Wbl 3'd - KX
R 27143 2= 5150 E S200 2EQ] 9 B

oo e

o3

Table 4. Axial compressive strength of stiffened shell having
initial imperfection in buckled modes with various
area ratios (9)

A M7k 7 HE o e A7 =) Zfol=1,5% HE== vv|
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Table 5. Axial compressive strength of stiffened shell having
initial imperfection in buckled modes with various
values of n/n,

5 DNV FEA
SeCtion (: i) fksd Pu (>< fu f“/fks‘i
st” | (MPa) | 10°kN) | (MPa)
S50-A12 0.12 294 185 331 1.13
S50-A30 0.30 295 222 341 1.16
S50-A50 0.50 295 263 350 1.19
S100-A12 0.12 244 87 311 1.28
S100-A30 0.30 244 98 336 1.38
S100-A50 0.52 244 131 350 1.43
S150-A12 0.12 208 62 330 1.59
S150-A30 0.31 206 72 329 1.60
S150-A50 0.50 205 84 335 1.63
S200-A12 0.12 183 44 313 1.71
S200-A30 0.31 180 51 310 1.72
S200-A50 0.50 177 60 318 1.80
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Fig. 9. Effect of area ratio (d) on axial compressive strength of
shell with initial imperfection in the form of buckling
mode

DNV FEA
. n f./
Section | n| - Frsa P, (% fa f”
0 i s
(MPa) | 10%kN) | (MPa) |

S50-N15 | 15| 1 294 185 331 1.13
S50-N19 | 19| 1.25 | 293 199 347 | 1.18
S50-N23 | 23] 1.5 293 204 345 | 1.18
S100-N21 | 21| 1 244 87 311 1.28
S100-N27 | 27| 1.25 | 241 98 337 | 1.40
S100-N32 | 32| 1.5 240 100 336 | 1.40
S150-N26 | 26| 1 208 62 330 | 1.59
S150-N33 | 33| 1.25 | 201 63 325 | 1.62
S150-N39 | 39| 1.5 198 64 325 | 1.64
S200-N30 | 30| 1 183 44 313 | 1.71
S200-N38 | 38| 1.25 | 171 45 310 | 1.81
S200-N45 | 45| 1.5 167 46 310 | 1.86
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Fig. 10. Effect of number of stiffeners on axial compressive
strength of shell with initial imperfection in the form
of buckling mode
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Fig. 11. Effective stress distribution of shell with initial imper-
fection in the form of buckling mode at ultimate state
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Table 6. Axial compressive strength of stiffened shell with
initial weld dimple for various values of Aw,

DNV FEA /
Section | f, . low P, (% 1, Tu
’ A’lUn g u3 “ flcsd
(MPa) (mm) | 10°kN) | (MPa)
8 198 355 1.21
S50-A12 | 294 16 500 188 336 | 1.14
24 174 312 1.06
8 94 333 1.37
S100-A12| 244 16 500 82 293 1.20
24 72 256 | 1.05
5.3 60 322 | 1.55
S150-A12| 208 | 10.7 | 333 50 268 | 1.29
16.0 43 232 | 1.12
4 42 306 | 1.67
S200-A12| 183 8 250 36 255 1.39
12 31 220 1.22
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Fig. 12. Effect of dimple depth Aw, on axial compressive strength
of stiffened shell with initial weld dimple
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Fig. 13. Effective stress distribution of shell with initial weld
dimple at ultimate state
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Table 7. Axial compressive strength of stiffened shell with
initial weld dimple for various ratios of &

5 DNV FEA
Section (= A ) Frea P, (x £, j: i
st | (MPa) | 10°kN) | (MPa) |
S50-A12 | 0.12 | 294 198 355 | 121
S50-A30 | 030 | 295 227 349 | 118
S50-A50 | 0.50 | 295 263 350 | 1.19
S100-A12 | 0.12 | 244 94 333 | 137
S100-A30 | 030 | 244 97 333 | 137
S100-A50 | 0.52 | 244 130 346 | 143
S150-A12 | 0.12 | 208 60 322 | 1.55
S150-A30 | 031 | 206 69 318 | 1.54
S150-A50 | 0.50 | 205 82 326 | 1.59
S200-A12 | 0.12 | 183 43 306 | 1.67
$200-A30 | 031 | 180 49 302 | 1.68
$200-A50 | 050 | 177 58 311 | 176
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Fig. 14. Effect of area ratio (§) on axial compressive strength
of shell with initial weld dimple
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Table 8. Axial compressive strength of stiffened shell with
initial weld dimple for various values of n/n

DNV FEA
. n f./
Section no| — | f. P, (X ! .
ny ksd 13L u fksd
(MPa) 10°kN) | (MPa)
S50-N15 15 1 294 198 355 |1.207
S50-N19 | 19 | 1.25 293 204 354 |1.208
S50-N23 | 23 | 1.5 293 207 350 |1.194
S100-N21 | 21 1 244 94 333 |1.365
S100-N27 | 27 | 1.25 241 100 341 |1.415
S100-N32 | 32 | 1.5 240 104 348 | 1.451
S150-N26 | 26 1 208 60 322 | 1.548
S150-N33 | 33 | 1.25 201 64 334 | 1.662
S150-N39 | 39 | 1.5 198 67 341 | 1.722
S200-N30 | 30 1 183 43 306 |1.672
S200-N38 | 38 | 1.25 171 46 318 |1.860
S200-N45 | 45 | 1.5 167 48 328 |1.964
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Fig. 15. Effect of number of stiffeners on axial compressive
strength of shell with initial weld dimple
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