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EXPERIMENTAL AND NUMERICAL CHARACTERIZATION OF ULTRA LOW-CYCLE FATIGUE
FRACTURE OF CFCF RECTANGULAR PLATE ELEMENTS UNDER CYCLIC BENDING
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Yuki TERAZAWA, Daigo ITO, Toru TAKEUCHI
and Ben SITLER

The ultra low-cycle fatigue fracture of open section steel members undergoing local buckling was experimentally investigated using rectangular clamped-free-

clamped-free (CFCF) plates, validating a classic macro model (plastic-hinge-based damage model) and phenomenological micro model (void growth model,

or stress-weighted damage model). Finite element models were calibrated to the 3D-DIC experimental data to further analyze the fracture mechanism, and to

characterize the stress triaxiality and Load angle parameter during local buckling.

Keywords: CFCF plate Local buckling, Ultra low-cycle fatigue fracture, Plastic-hinge-based damage model, Void growth model, Structural steel
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Table 1 Specimen specification

Specimen | Width | Length |Thickness Bt Lkt Yield strength [ Tensile strength
ID |B (mm)|Ls (mm)| ¢ (mm) 2 v (N/mm?)

1.050T02 2.0 10.0]25.0

L050T03 3.0 6.7 [16.7

L050T04 20 50 4.0 501125

1.050T06 6.0 33]83

LO50TO08 8.0 25163

L075T02 2.0 15.037.5

L075T03 30 75 3.0 10.0125.0 291.9 438.4

LO75T04 4.0 7.5 [18.8 (SS400) (SS400)

L075T06 6.0 501125

L100T02 2.0 15.0]150.0

L100T03 3.0 10.0]33.3

L100T04 40 100 4.0 7.5 1250

L100T06 6.0 5.0116.7

L100T08 8.0 381125

ELMER LT, 7235, FRTOFHE TIE, Table 1 IZHHK L T 7gak
BR{R(LO75T12, L100T12, L100T16)H A L TV 228, FEBRS AT A
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THAET 2, WMHAER u, EMWEe:, v UM 060,1%, NFRE
Nt ORPEM 61 & Fig.53(0)D EFIHEWV (15~ THET 2,
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55 D R A A8 2 C REAL 3R 2 3k O A% 7 8.2 (Fracture initiation,
Photo 1(b))34E L, (5)F D O U T TREAN IR (Fracture
propagation, Photo 1(c)) L T, (6)4Wrififik¥r(Final fracture, Photo 1(d))
\ZE 5 7=, Photo I(AIZRT L 912, 4 TORBRAKO MW I IENE R
SRR DA A2 2 L=, £7-, Photo 1(e)iTRT & 912, HBAYE N
RERIR(Lp/t—/ )T, FMENE T 10% %28 2 5 KIEMEEEZ =T 5
&, R L 72D X o Wiy 3 ERE, WIS IRICEE T D
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4.2 FREFHAEBOBRRIELOBE

L050 fRBR{A S U — X (Lp=50mm) % B\, ORISR (Lslt—K) &R
VIR (Ly/t— /D) O TR EHIIE B ORERINZE(L OETE % ffind 5,
Fig.10 [ZHf EA I BIFR %, Fig.11~Fig. 13 (2 Eih 5 D 7= 2x, =R,
il 5 1) 38 O [ R AT RS S %, Fig.14~Fig.16 | Step % il Bt o 72 i
RS L, ¥tEe v VEERA ¢, MUMEEES L, M P RoE s
MEE— 27l E N ERT, 7272 L, Fig. 10 & Table 2 (TR T X 9
2, 2T —A v b EEBREIIREICREREEBEZ T L0

(é) Ne;hng (b) Fracture initiation

' (.c). Fracture propagati(;n

o

(d) Final fractured section (e) SignlﬁBt compression

Photo 1 Fracture evolution

Table 2 Summary of experimental results

Width | L Thickn Max. Max. [Max.| Min.
Specimen ! ength| Thickness . Fracture Final X0, | Zen L, . ax i Max.
D B L t Lplt Buckling nitiati fract ) (% L,/L, |deflection|curveture ¢ | ¢ en
(mm) | (mm) | (mm) Titiation acture|(rad.)| (%) | (mm) d(mm) | (rad./mm) |(rad.)| (%) “e
L050T02 2.0 25.0 10.005rad.-1cycle|0.08rad.-2cycle|0.09rad.-1cycle| 2.96 [299.4] 9.4~25.910.14~0.57| 23.3 0.38 0.56| -5.8 4.4
L050T03 3.0 16.7 10.005rad.-1cycle|0.07rad.-2cycle|0.08rad.-1cycle| 2.33 [237.0] 9.2~18.9|0.33~0.67| 22.2 0.36 0.58| -14.9 3.1
L050T04 | 20 50 4.0 12.5 | 0.01rad.-1cycle [0.07rad.-2cycle|0.08rad.-1cycle| 2.33 [238.3[14.3~19.8|0.45~0.77] 22.6 0.19 0.62| -19.6 2.7
L050T06 6.0 8.3 10.015rad.-1cycle|0.08rad.-1cycle|0.08rad.-2cycle| 2.64 1272.9] N/A N/A N/A N/A NA| NA N/A
1050T08 8.0 6.3 10.015rad.-2cycle|0.08rad.-1cycle[0.09rad.-1cycle| 2.64 [275.9123.8~30.40.71~0.75| 24.3 0.07 0.56] -32.1 2.7
LO75T02 2.0 37.5 10.005rad.-1cycle|0.11rad.-2cycle|0.12rad.-1cycle| 5.33 [416.9{13.6~33.1] N/A 31.3 0.33 0.61| -7.5 5.1
1L075T03 30 75 3.0 25.0 10.005rad.-1cycle|0.09rad.-2cycle|0.10rad.-1cycle| 3.67 {314.5[14.9~24.3|10.21~0.74] 29.5 0.37 0.59] -8.0 2.9
L075T04 4.0 18.8 | 0.01rad.-1cycle [0.08rad.-2cycle|0.09rad.-1cycle| 2.96 [254.9[11.8~24.9| 0.46~0.86] 28.9 0.33 0.59| -16.6 2.5
1075T06 6.0 12.5 1 0.01rad.-2cycle |0.08rad.-2cycle[0.09rad.-1cycle| 2.96 [257.5[18.2~27.1/0.70~0.88] 27.1 0.15 0.57] -19.9 2.6
L100T02 2.0 50.0 10.005rad.-1cycle|0.14rad.-1cycle|0.14rad.-2cycle| 7.86 | 651.3[13.9~39.7] N/A 432 0.47 0.68| -2.2 5.2
L100T03 3.0 33.3 10.005rad.-1cycle|0.11rad.-1cycle|0.11rad.-2cycle| 4.89 [407.0{21.1~32.0]0.07~0.61| 38.5 0.23 0.62| -34 6.1
L100T04 | 40 100 4.0 25.0 10.005rad.-1cycle|0.09rad.-2cycle|0.10rad.-1cycle| 3.67 |306.8/19.4~31.0]0.13~0.74] 35.6 0.22 0.57| -10.6 2.8
L100T06 6.0 16.7 10.001rad.-2cycle|0.08rad.-2cycle|0.09rad.-1cycle| 2.96 [249.6]21.4~30.6| 0.34~0.86| 33.2 0.13 0.55| -17.5 2.4
1.100T08 8.0 12.5 10.015rad.-1cycle|0.08rad.-2cyclel0.09rad.-2cyclel 2.96 [251.7{120.4~31.4/0.14~0.96] 329 0.11 054] -22.7 2.2
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Fig.14 Example history of LO50T02

Fig.15 Example history of plastic hinge length L
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Fig.17 Influence of slenderness (Ls/f)

(e) Strain range amplification factor
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Fig.20 Plastic strain range Aé&x, evaluation
Table 3 Comparison of fracture initiation steps

Fracture initiation

Speci
pecimen |y .| 3pDIC . Mod.
D . Evaluation .
strain data Evaluation

L050T02 | 25.0 [0.07rad.-2cycle|0.07rad.-1cycle| 0.08rad.-2cycle | 0.08rad.-2cycle
LO50T03 | 16.7 |0.06rad.-2cycle | 0.03rad.-2¢cycle| 0.05rad.-1cycle| 0.07rad.-2cycle
L050T04 | 12.5 |0.06rad.-1cycle|0.03rad.-1cycle| 0.05rad.-2cycle| 0.07rad.-2cycle
L050T06 | 8.3 N/A N/A N/A 0.08rad.-1cycle
LO50T08 | 6.3 [0.05rad.-2cycle|0.04rad.-2¢cycle| 0.06rad.-2cycle| 0.08rad.-1cycle
L075T02 | 37.5 |0.10rad.-2cycle | 0.10rad.-2cycle| 0.11rad.-1cycle| 0.11rad.-2cycle
LO75T03 | 25.0 |0.08rad.-1cycle|0.05rad.-1cycle| 0.06rad.-2cycle| 0.09rad.-2cycle
LO75T04 | 18.8 [0.07rad.-1cycle|0.04rad.-1cycle| 0.05rad.-2cycle | 0.08rad.-2¢cycle
L075T06 | 12.5 [0.06rad.-2cycle|0.03rad.-Icycle| 0.05rad.-2cycle | 0.08rad.-2cycle
L100T02 | 50.0 |0.12rad.-2cycle|0.13rad.-1cycle|0.13rad.-2cycle| 0.14rad.-1cycle
L100T03 | 33.3 |0.10rad.-1cycle|0.07rad.-Icycle| 0.08rad.-1cycle | 0.11rad.-Icycle
L100T04 | 25.0 |0.08rad.-2cycle | 0.05rad.-1cycle| 0.06rad.-1cycle| 0.09rad.-2cycle
L100T06 | 16.7 |0.07rad.-1cycle|0.03rad.-2¢cycle| 0.05rad.-2¢cycle | 0.08rad.-2cycle
1.100T08 | 12.5 [0.07rad.-1cycle|0.03rad.-Icycle] 0.05rad.-2cycle | 0.08rad.-2cycle

Table 4 Comparisons of Zé&, at the fracture initiation step

Experiment

Cumulative normalized deformation X¢, (%) and evaluation error

Specimen
ID Lalt SDDIC Evaluation MOdi Experiment
strain data Evaluation
L050T02 | 25.0 {235.7 (+21.3%)[207.4 (+30.7%) [299.4 (+0%) 299.4

L0S0T03 | 16.7 |181.1 (+23.6%)[62.0 (+73.8%) [112.9 (+52.4%) 237.0
LO50TO04 | 12.5 |157.5 (+33.9%)|50.1 (+79%)  [104.3 (+-56.2%) 238.3

L050T06 | 8.3 N/A N/A N/A 272.9
1050T08 | 6.3 [136.9 (+50.4%)]96.1 (+65.2%) [186.0 (+32.6%) 275.9
L075T02 | 37.5 |342.7 (+17.8%) |342.7 (+17.8%) [380.2 (+8.8%) 416.9

LO75T03 | 25.0 |226.2 (+28.1%)95.1 (+69.8%) [152.5 (+51.5%) 314.5
LO75T04 | 18.8 |176.6 (+30.7%)|65.5 (+74.3%) [112.8 (+55.8%) 254.9

LO75T06 | 12.5 [154.8 (+39.9%)]42.6 (+83.5%) [114 (+55.7%) 257.5
L100T02 | 50.0 |520.4 (+20.1%)|562.7 (+13.6%) [605.8 (+7%) 651.3
L100T03 | 33.3 |338.0 (+17%) [170.7 (+58.1%){219.8 (+46%) 407.0
L100T04 | 25.0 |247.5 (+19.3%)[92.8 (+69.8%) [128.8 (+58%) 306.8

L100T06 | 16.7 |172.9 (+30.7%)|51.4 (+79.4%) [110.5 (+55.7%) 249.6
L100TO8 | 12.5 [174.3 (+30.7%)141.7 (+83.4%) [111.4 (+55.7%) 251.7
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Table 5 Calibrated constitutive material (SS400 steel)
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Table 6 Comparison of the fracture initiation steps
Specimen 3DDIC Plastic-hinge-based

ID Lsit strain data damage model
L050T02]25.0|0.07rad.-2cycle] 0.07rad.-lcycle | 0.08rad.-2cycle| 0.08rad.-2¢cycle
L050T03 | 16.7 |0.06rad.-2cycle| 0.03rad.-2cycle |0.07rad.-1cycle| 0.07rad.-2cycle
L050T04 ] 12.5 |0.06rad.-1cycle] 0.03rad.-lcycle |0.07rad.-1cycle|0.07rad.-2¢cycle
L050T06| 8.3 N/A N/A 0.06rad.-2cycle| 0.08rad.-1cycle
L050T08] 6.3 10.05rad.-2¢cycle]l 0.04rad.-2cycle | 0.06rad.-2¢cycle| 0.08rad.-1cycle
L075T02 ] 37.5]0.10rad.-2cycle| 0.10rad.-2cycle |0.11rad.-1cycle|0.11rad.-2¢cycle
L075T03]25.00.08rad.-1cycle] 0.05rad.-1cycle |0.09rad.-1cycle| 0.09rad.-2¢cycle
L075T04 ] 18.8 |0.07rad.-1cycle] 0.04rad.-lcycle |0.08rad.-1cycle|0.08rad.-2¢cycle
L075T06 | 12.5 [0.06rad.-2cycle| 0.03rad.-1cycle |0.07rad.-2cycle| 0.08rad.-2cycle
L075T12] 6.3 N/A N/A 0.07rad.-2¢cycle N/A

L100T02 ] 50.0|0.12rad.-2cycle] 0.13rad.-lcycle |0.13rad.-1cycle|0.14rad.-1cycle
L100T03]33.30.10rad.-1cycle] 0.07rad.-lcycle |0.10rad.-1cycle|0.11rad.-1cycle
L100T04 [ 25.0 [0.08rad.-2cycle| 0.05rad.-1cycle [0.09rad.-1cycle|0.09rad.-2cycle
L100T06] 16.7 |0.07rad.-1cycle] 0.03rad.-2cycle | 0.08rad.-1cycle| 0.08rad.-2cycle

FEA+VGM Experiment

L100T08] 12.5|0.07rad.-1cycle] 0.03rad.-lcycle |0.07rad.-2cycle| 0.08rad.-2¢cycle

L100T12] 8.3 N/A N/A 0.08rad.-2cycle NA
7 L100T16] 6.3 N/A N/A 0.07rad.-1cycle N/A
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Fig.26 Example VGM history (LO50T02 & L050T08)

2
1.2 12 — — — —
| [—L075T02(L /i=37.5) —L075T06(L /i=12.5)] : [—LO75T02(L /=37.5) —LO75TO6(L /=12.5)] \ L‘075T02<L3/1—37-5) LO75TO6(L,/=12.5)]
0.8 R 08 Fracture initiation (LO75T02 N [Fracture initiation (LO75T02)} I
.‘E\ . E ! Fracture initiation (L075T06) %0 \Fracture initiation (L0O75T06)
0.6 §o_(, Slf--rmmor s
S | | s W 3
0. .
Fracture initiation (L075T06) — M\N
0.2 — = 0.2
Fracture initiation (L075T02) 0 -
00.05 0.10.150.2 0.3 0.4 0.5 O.P 0.7 08 09 1.0 I.T 1.2 0 .05 0.10.150.2 0.3 0.4 0.5 0.9 0.7 0.8 09 1.0 1. 1.2 .050.10.150.2 0.3 04 0.5 OF 0.7 08 09 1.0 I.T 1.2
Step (10"rad.) Step (10™'rad.) Step (10"'rad.)
(a) Capacity (b) Demand (¢) Damage
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Fig.29 Stress states of the CFCF rectangular plate elements under cyclic deformation
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