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Fracture Control of Steel Structures

Takeshi KANAZAWA
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BOATREYTHD, TLBEBFLCOVTH 5 A KOG
AAAARBEE e L o il Uicrew, MRl 7in
ELls b i rluBERRThIEMER S A T W
5. Fiebhb, i bIELEOMG B O R RSN
HEEDTR 3 TH DOt Lt X B Tiind, Mok
oW TO@EY g8t 2L TAHAZ LR IDTZIDX

5 AT A EMNTEBR L EHFNFHL TS,
Tichb, M0 X 5 —RMEED TR, TORERI
FHEHECSDTHH, KEThIHBEOERYED
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7, —BAR bR B & T OEEE S, WHoRRD
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HHCIBEBHPEYELT, ToReheHTIEH O
WTBEE 1L U & Lic B 0B OB Ty 41 B4
FERE LAY LThW00nBIRTHS. fEx
EAR MW= PRSI EREE LR hE o BIFEA B A
withhs X5y, % h e 2hChRlfERIfE? C
HEEERS S BE SR, BEBBFTH DI, 1980F
3 F 27 B e F 7o B ARBE MR Alexander
Kielland & (#5.k+ 7 A icisf) ORI MEEH
B, 7 v EEtd R4 el Shico TRERER
HLALVWHDOTHSD (B 3, 4 RUKIL). ZOHEH
DFEE L 5 74 D% # 5 AKETR B o0 TR 2R DR DIA B
ERORKD LOBREY EHMOEFEN ZOFEEL Sh
Twb, COBOBRBEN CIRBERES Vi EE
EPMETH D Z LR BRMESh TRy, R
£ZH, EKCBRMNEETCRARBLERTE» ik
h, TORBEOEELHAECGRPE TS HokDT, A
FERCKELEES Y EL . ZOBERTBCEEESO
RIS, BERMGEOIEHEHRE FORE I b
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Photé. 3. A sister oil drilling platform of Alexander
Kielland Henrik.

Photo. 4. Fracture appearance of a lower horizontal
member of Alexander Kielland.
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BEhr o WO RELE L, H A\ FricokbEas
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Tolerance) # BT 5 L IC XL 0, FORLSHERER-
ST 5 THEMHEY —RCHED o R E TR - HiH
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Fig. 1.

PR HD, TNLDOTRNTEFELERERTH &iX
RAEETHDH, FHEEEF LB LRLT, &
BEHEYRHOCERT S EPBETHS. AT RoLFe
LOFEY, B IO HAREMPFRBSE 169 PFEMSH
& L EERLT, TOXEMREREYHTDERD
L5 bonH5,
2-1 BFHEH%E#Y (Fundamental Design Condition)
& D KA BT NE Fle &L LTk
(a). #at#ay (Design Life) @ #&Hwc XL oTit%
O AEH (o & 2K 20 ), &5\ ki Ehr &5 6
PSR E OB LI (7o & 24X 2000000 1 7
) IETEZBbhDZ E L BB, Inkidlyo LR
(Total Life) #IERT 270, TOWMMOBE, Rk
SR LT 5 F TORHFEFM (Intermediate Life) 324
REBEINDRXELDTHD.
(b). 7E (Loads) : I§E&WD&FHwd 5\ ik FHER
FHUC, BEWCERATHEE2ZLh?, B, ¥
F, HENS OB ERIZLbAA, BEREOBNE
EEDTTNTOMELERT 5 BENH 5.
(c). s (Environmental Conditions) : fi&#ph &
LENDHEHIRE & T ORFFE, H5 2 TOBEEL
Wik, THLREK, HECRENERITLEDOREY
CEXAEER LORBEGUEOREY FAERTH &2
WHETHS.
(e). %4£¥ (Safety Factor) : THITE /ML KT XD
ME, H2VIERMHOHREDOED, LIFRECRL

Schematic illustration for accident of Alexander Kielland.

T, BHERAEEE (FEERAE, o Ra, B
Wl Kic, 7)) HEBRIDIPISAEL B,
HHCIEEMCIERT ATHEYERI ) b AE R
0T, BULREEELRETHIENLETHS.
2-2; #¥EE (Selection of Materials)

AR - 87 & O— RS TR (E AR o BRAY
H, BB ED, HAKED LR TED, Th
2T BB BE RS, L L BEo BB
4, HDHITERGEVGEENER I h B #EIE
AT a#khcovTik, TomME, ER, W4, I
P, EIRHE, ILRRBEWY I L IhAREEORE
RO OBERELERL THELT—% - 7y 7,
NN Ty VIR I OTERET B, HBEHERKIOT
TR, BEHERL YT OTEETHZ EHABE
ThH3.

2.3 B85t (Structural Design)

BEWMNZT T AHE, SL3hAREDOL LT, Bl
BOEFRPCETHICTIOBEELXTT OCLO~FERIRE
L, R, BEEJE, B, 79— 7, HHuEgEtloEL
L HBREDOET HHERLY /NI T5 LR, #HEYy
DKL FEN, TERUBHSHCETIBEAZE N L
LT, LbEEMcERINSBEYHET S 2 LA
HEW ORI S TH %.

(a) 47 5475 (Safe-life Design) » 7 .
AN - A 7 FF (Fail-safe Design) : EEEHE - 4
HHRA XTI HIDTE, 4 7 - 51 755} (Safe-
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life Design) & 7 = 1 & - 4 7 35 (Fail-safe Design)
D XFE BHOLEMARLTERL LEMXRHD. 47 - F
A 7 @®Zit &, W&o dsE R TR IR WA
# (TIFR%E, WETE, WiHEbh, WA AR KRR
E) NEeFHTIHie o TCORBRIP G R RE
LicwvrEwnd, bwhifa A4 vF+ A -7 Y — (Main-
tenance-free) OB E T LOTHD. hIZFL
T, Z=AN - 17552, BEHOBEHFIZ, —
DHBITHMOEHEN AL LT L DER Y R
L, 168, &% 5 ¥ cofiiidbi, Folswhis
LETHHT EMIMITEDHRIE VS, —BOWEHT
R EAEEEOBAERC XD 7 oA - A 7RHNT
T %,

(b) FEIMEFATEFE (Standard Fundamental Ele-
ments) : BEERRET AT HCEE LT, AW A H T 0%
A4 B DT oD T B PTHERE AR B R e O T,
BOMBEOKEHTEHA IR TV AL D THOTHTH
O EVEATAEL LS E L. ok 2 AT LBT
ALDERERBHEYUT, HA VLIS TA v &~ T %
LA ENTF ORFEFREIs K ORI — 2 D14
CHBHBEABEERENRICHY TS, LrL, EHo
ARA43 I AL P ERRE & R R A 17> TRt %
BTsZ EANETHS.

(c) &I (Joining Process) : {HMZEH © A
JiEE, fok 2 EBETEToWT, MR, ik, SR
O M LT 7 K2 WL CHREUCE SV TEET B &
PUETHEL, BEHLIOTHBEETRSEET 50
BEhbD.

2-4 #2471 (Analysis)

WEOMBEK X DO TEREh LM OKE, T OfEE
IR D, ThOoOMEITE R LiciERRetolE X4
ZEHiTALDOT, FOERIDELTUIKRD I > D
DOHEF RS,

(a) JE7I8Hr (Stress Analysis) @ g3 & fo i fifis
WP BT A IS e RE O KRB D D EHTED
B1cdITH SO THHH, R EE MBSO
T, ARERELECIBFHERTVPERENL &
D,

(b)) #E% T (Fatigue Analysis) : #E LR E 57
T oS, EHMmE S-N i) wXoTHERE
HoOREFUERXBRITL, EFHREFTSESLETHD
CEERBEETHEMPBLETHB.

(c) S EH (Fracture Mechanics Aralysis):
— RIS R L TRERIND S LT EA Lo
s, HEMZRBOBR - HBEDDH 5\ B ED T
EREIhaZ EME. COFRIMIEEDFYAVTH
BHxRE»rHOREEH (EFEHLEY) ok, GEBE
IEE@R L, BRESDVEERLEEEAUML LD
AEEWE (BUTESE) ORE, BHVIXERELYF

FiTBoiIoT, MENORLELTETTHE0TH
A
(d) 7 A4 - A4 7@ (Fail-safe Analyis) :
B L1 RO LT, Mo —25 % Itk
DREFVAAFLTH, LT OREFIT KT HHRAHRE (Re-
sidual Strength) t E4f:¥4r (Residual Life) % g
LT, TOBERORE, BEI CREEMrELTHS
WE, TihbbiiEmad (Fracture Tolerance) % 3K
B, 7aAn - A TRV LT VS & e fRT
5.

2-5 RHFEI (Quality Assurance)

WS OBR, H5CIXEEAERECED bR T3
FERIHE > TR Shicig&ss, KB X O ) Tk
BENBEXRETHLDOEE - filfl o 2 7 2%
FRUTERBERIEL Vs, BTN 5 X 5 BRI E 2
bha.

(a) & oo HEMHIEHEE (Standards for Quality
Assurance) : FRIEAICHE, INTICH:,  WHEEIRE, T
PERIEESLAE, A 2CdE, B REHE e & ORkiEl © SE i
FEDI-DOZFRELREL T, ThICE>THEDD
AERRBOEE - FEE1T 5> NEY DD, A RE
CLRFE R B~ Dk & BT A b D
Thsb.

(b) EBFGEME (Traceability) : g {E A4
AR, IR S B A A, L - ST BT B AR
HERLTHL &R, WMEHOBRIhRET S B
FEROMTR, OB ER D LBDT, HED
EH - HHOB S SRIERICEE R L TH .

(c¢) HiFRER X UL ER (Proof Test and Veri-
fication Test) : FE &1 &1L, TEREXKERRZTD
T DEESRRIET S Z LB TbRTVWEH,  Fic/h
S, AHVIRRKIIKAEEZIRD HBE L E T3,
KL OB EE T COMERRET T, £0R4E
WA TENDB Z ENTRTV5, Itk hbORE
FOWEH OB L oTR{ThhkWEabbh 5.
2-6 BHEROEE « It (In-service Control)

WEHOBHPORRLER L, TOWENEEYH
IR T 5 2 &, MEHOWEER - HHloboL b
FHERZ ETHBY, TOLDBAOFENELLAT
W35,

(a) FEMEER IOEREE (Periodic Inspection
and Repair Standard) : {¥E&WOBEIF I, L OMEHEIC
G UBY N REX T O TEROBEOEEYTE
M, BEIOEECHBEEAECE ST, BRETOBEE
BHVIIREERTH LS.

(b) #Eyho=x =49y v 7 (In-serirce Monitoring)
CBBROREY BEL, BERRTO REC HALT
F i MiENE N D BB Y AL L TR Z &2 BET
HbH. TEXEFERBCHBLTHE77 M va—4
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—, 5Bz LPG fiy, LNG MicERET % 7 A wEE
HEERENTNICHEYST 5.

(¢) H&EWOHIE~= > 74 (Manual for Opera-
tion) : FEEHOBEEIF O Bol BIFC X 5 T/HULHe
DB\, DX ST ARBIET A DI, et
=2 TAEERL, ThEROTERETS UWEX DS
7, BEREREBEORECANTH DO~ =2 7 ik
BRBERYFETHENLEELDIDOTHS.

Lk, BEHOBSEER - FiHEERT 5 ERERC
DWTHBIR X2, ChbDMOBEGREYRE AT &
M20Xsisd. d3bHA bR UEERIUMCHEE
EHOMPFIC I OUTEE LT hillebinnd 03 %
ZbhAEN, WEHO R, BED DL EREORK
T %@ U COREER - e I 2T Ly THEED
DRENTERIND LD TH B L BFTHLERD
5.

3. MAEsr IARERE LPG fia
o DB - HlEBRH

XX BRI 5, Miffls & o— RS T,
FORESF OH X LK ERCIIH L BRI ST

TNTEh, THARISTHECEE - fiflriThhT
WAHDHBIRTHAH, ThETEERINCER»D

DR R EE I Bk AR O BRI EE S, T DOHESE T LR
B, I oBREREARERENRET S BhD
5, LNG i, LPG faic L oFEMHy s LT
3, WEOEE - HMc s 7 A0 s TRRE R
MR BE L o> TETWA, ok TRk, Hrhms

STRESS ANALYSIS FATIGUE ANALYSIS

v FRERE LPGMed LT, F—0% v 7O
BYERB LT, ZRkBHEEL D MMERBIIIE, 2 v 2 &
R % OEEAMOEAIBH T ShTuicnd, Bt
BRI — & v 7 R SANRREE - REL, KB
HEERBL LPG ol A BMIhicH, 4R 15 B
fiz, TOEZIPEPEBERTTHZ E850VEE
W, 2A7B& v 7 LT kBFBEREHBLTH X\,
TiebbMERRCE—ERHORMHE L FRA LT X

FUNDAMENTAL DESIGM CONDITIONS
Design Life
External Loads
Environmental Conditions
Assumed Initial Damages
safety Factor
]

2 L]

STRUCTURAL DESIGN Ry R MATERIALS
Dinensions of Structural Elements [ Mechanical Properties
Standard Fundamental Elements . fatigue Properties (5-N Curve)
Joining Process * Fatigue Propagation Properties

! Fracture Toughness
|
AHALYSTS

Stress Analysis
Fatigue Analysis

Fracture Mech. Analysis
T

FALL-SAFE ANALYSIS

T
|
|
|
} DESIGH STAGE
|
{

!

ae——————— ——

. —
i
[ e QUALITY ASSUARANCE -1
Proof Tests Acceptance Tests
Verification Tests iH.D.E. Standards
Traceability Workmanship Specifications FABRICATING STAGE
Welding Process Tests 4
T e
— EN-SERVICE COMTROL
— - IN-SERVICE STAGE
Periodic Inspection
ionitaring

Repair, #aintenance

Fig. 2. Relation between constitutive elements of
fracture control of steel structure.

FRACTURE MECHANICS
ANALYSIS

Classification of Structural
Elements of LPG Tank

Fatigue Crack Initiation
Test (Fundamental
Elements & Model)

Fatigue Crack
(’ Propagation Test

Fracture
Toughness Test

v
Three Dimensional Structural

\s

Analysis:

Dead Load, Wave Load, Rolling,
Acceleration, Bending, Torsion

S-N Curve

Determination of

Determination of
Propagation
Parameters

etc.

3

Assessment by

| r————ver1f1cat1on—————; .

Local Stress Analysis of
Structural Elements
(Two Dimensional Model)

Fatigue Crack Initiation
or Propagation Life
(Primary Member,

Part Through Crack)

o
o
S
©
L&
Yo
[
(5]
=
1
Propagation of

Fatigue Crack
After Leakage
(15 Days)

Assessment
by Critical
Crack Length

X . .
tion
v [—Vemhca —

AJI

Y

L——— -

Assessment of Independent
Tank as Type B

Fig. 3. Procedure fcr assessment of independent tank of LPG container -shiix as_ty"pc B.
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W BRIt Tek kiEco 15 gL IRERE
#®, kEFVOBICABLTERY T I CoOMBIE LT
EdbNIcbhDTHBH.

K 3 o2 B AP S5 3 IR THE S
NI A 7Bax v b LTOFIO7 v —%iR L7235 D

Thsb. Tichb, RKRT XS EIEE, &%
i, WENERFEBLT7 =M - 24 7%HET S

bOTHB. DXl 7 v —KFEDT, ETILIEN
ELT, 2 v/ OEEERE (EME % v 271k
ikt - THEMA LI E v M) o T e v DLtk
by, REREHETY, TOMEESEETCHDZ &
HIEET BB, # v 7 KIRRBRRE O EEMH TOR
TR RIS, EREHEL BFEEN I —FKT5 2
EETERT A, D ECHNCE bR IME S BT
YN, BRIFEMBTEENRT . L ORE,

(1) FTXRTOMFEHRETCI\T, LPG fho#H
iy 20 SEMOBMHFFEERX+H/M L, BFEUREMR
BEi+HTHBT L.

(2) FEHEUNRRE LI EPE LSS, FOERK
WEIEFCEL, EFRBT I RSHUORERDD
Bz &,

(3) WHEUNERL, 2 v/ RETHETH LY,
TR R EY BT X A REDNIEE L L BE

1, BRITOHROHRBRPRELIPLETHS T LA
R h, BREETHENLRACTLATE Y, 8BS
ETHEER, oHECHETHHEL, BASEHTR
W=, 9 B PREEY T, By T 169 P &
TIHIhTW5, ZOWROAFEREIKRTIHIDTS
2, LUFHc z o E L i~<sz LieT 5,
FTMAMAOREEEL LT, WiliMm = v7r—# &5
Fiftin e U, Zhbom@y ¥ Faftic X 555848
# (Objective Structure) # ¥4 4% (Partial Struc-
ture) AL, EHEAF7F—RRAm, b DR
A S %E#E (Structural Element) 37 L
o, BEEERL B—d 5\ ik B o i o Sthia s
¥, FThbbilESR (Local Element) D#F7L % 2
Lh, BERCIEHRHERORE h R L. s
O, BHEO= v ORITEA R OV TOR
BEBRSBOGO® %K 4 R,
FMHRRY L OMREERDOBFIC X > THER
fEL, BEERBTOREN LA UEBE O Ly i
7ChDOAK 4R ISV IwRTHAESE (Fundamen-
tal Element) TH%. thbo BEXBERIEUORE
Table 1. Relation between fracture type and
classified structure of ship hull.

Partial Structur- Local Funda-
LicHAETh, DEME 0By 2L MEENE (R Meode of structurel@} element |mental
EP) TIEbT B = NS & fracture element element
fo EDBETEIC X BB, £ 4 7B v L LTEE Initiation - - - ©
g (-5}
liZxhBbdths. 0L 5kFIEYEE: LPG o 5. [Propagation | — o ° o
RRET, @ESERGETHR TG B, T ORI HRE O R
Q . J—
MECTHEMT S LT B, Arrest © © -
P Initiation — — © ©
4. —RERARBDIHEEEN - FIHERETD E4&H) 2
s e . 3 P ti —
Sl bEBE Lil~Ae X 51c, MM - R S o—fin 57| Propasaton) O ©
B OV TRREDRBRIC S &S BRAINEHIEZR 2 S Arrest © © — —
T Z)?b;, £h %%fsiﬁﬁ"é‘ﬁi * %J%H]?‘_’ﬁbb HICDIT @ : Mainly concern Q : Secondary concern
STRUCTURAL ELEMENT FUNDAMENTAL ELEMENT
DBJECTIVE PARTIAL (General Expression of LOCAL ELEMENT ¢ Number corresponds to
STRUCTURE STRUCTURE Boundary Force and  [(Local Stress Distribution, the number shown in
Internal Stress) Stress Concentration) Figure 5
unoer K [ sLoTTED PART, OF (EXAMPLE) 1 N;§§;\ @D
R | THROUGH LONG= MEMBERS |SLOTTED PART OF THROUGH 1 My
TRARS GIRD= K R |LonGk MEMBER IN BOTTOM Mz Hyz {0
80TTOM TR | (UNDER D2 TRANS Glgn-, TRANS GIRDER g“*~’--"‘] Mx =L oFx
R BOTTOM TRANS GIRDY Fy --
GIrRDR P t @
£TC. ETC.) FACE PL g9 2 xS
7 1 ; e @y,
A L2 tixz
i &2 i = o & Fyz
o ; % { a 3 Hx St
: S M Myx e Mx
BY SHELL B SHELL Hex “Fwy

and vertical girders).

g- 4. An example of classified structure of cil tanker (Structure including transverse
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FUNDAMENTAL
ELEMENTS

GENERAL SHAPE

@’
STRUCTURAL STRESS

1 CONCENTRATION PART
AND
BUTT WELD JOINT.

B

@

LAP JOINT

AND

7 | DISCONTINUOUS
PART OF PLATE

THICKNESS

T JOINT
3 AND
CROSS JOINT

END OF STIFFENER
4 | AND BRACKET ETC.

END OF FACE BAR
5 |ETC.

—— : indicates a crack

Fig. 5. Fundamental elements of ship structure.

BREE LEBACLTOEALLBLDTHEN, b
D DV OB YERB S5 HBAE, X0 RGE
AR ETALENSS. FTID IS 52— v
BEHREDOBEYRLICLDTHS.

ISR — A R G, WEEMIAEUT, M

OWBEER - HHAXT 5 2 ¢ E 2 5561, TTK

1 E TR~ RLEREEE, TIERBEXELR LRSS
OFEEIBIR LTV BH, K69 Mo FET
BRIEH O EAUNRE - BETHIEEE, ARMLDLE
ZUNFA - EBTABAOWENERTORIR LR L
FhDTHD. '
AT, MEEETSHOREN L LEEEX
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CRACK INITIATION AND
PROPAGATION FROM
DEFECT IN SHELL PLATE

TYPE, SIZE AND
DISTRIBUTION OF
DEFECTS

/
PENETRATED CRACK |

FATIGUE CRACK
PROPAGATION

AIMED RESULTS

CRACK INITIATION AND
PROPAGATION FROM INTERNAL
STRUCTURAL MEMBER

——

REPAIR STANDARD

CRACK INITIATION FROM
TOE OF FILLET WELD OF

BRITTLE FRACTURE
INITIATION

l

SECONDARY STRUCTURAL
MEMBER
— — — || ALLOWABLE DEFECT STANDARD y
(INSPECTION STANDARD) FATIGUE CRACK
PROPAGATION -
PN INTO PRIMARY STRUCTURAL
|=——=-|>{ IDEAL STRUCTURAL MEMBER [<—|— _— _—_ |MEMBER
| s
- D — BRITTLE FRACTURE
| !'___ MANUFACTURING QUALITY ST= [@-—|——. —I- -}_ __| INITIATION FROM
| I PRIMARY STRUCTURAL
| — D le|—— o MEMBER
i .[ MANUFACTURING PROCESS STj" T I
It L i; | [ARRIVAL T0 SHELL PLATERA
— || =-# MATERIAL SELECTION st2 Bol= :l—l. V1T || PROPAGATION OF BRITTLE
JIm I | |I-|{CRACK FROM PRIMARY
== D k— TI1STRUCTE MEMBER TO
|| 1]Fzl_ WELDING PROCESS ST2 ‘_{]!: SHELL PLATE
! N l T y —
7 ALLOWABLE STRESS ] ,' |11 LI TneTTATION AND crowTH
131 (DIMENSTONS OF STREmemsRS )2 1 |||/l 0F FATIGUE CRACK FROM
=H |1} |SHELL PLATE
== h [ '
L ST P L
i PROPAGATION ‘———] -0 ]
b 1
| L BRITTLE FRACTURE
* ARREST

Fig. 6. Flow chart for fracture mechanics analysis ship hull structure,
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