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Fig.1.1 Estimated public investment cost.
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Fig.1.2 Linear cumulative damage rule.
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Fig.1.4 Relationship between fatigue crack propagation speed and stress intensity factor range.
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Fig.1.5 Relationship between crack
propagation rate and effective stress
intensity factor range based on

crack opening load.
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Fig.1.6 Loading history and crack opening/closing behavior during one cycle.



Z LT, BRaiEfe (A-B ) ICRBWTHMERAZEZ L TEHNMA L%, B>C—>D—
Ay DEAFFIBFEICBWT, C A TEANERICHA L, D AICBWT &AL H O] RS
PEIRATERR S D Z & & R L72(B—D 12t 2 A mife T, & Rehml T2 4R
T), ZORONEIE, F5IIRBMIEIE A% A7 #E (Re-tensile Plastic zone’s Generated load) & VY 9
BRI D, RPG fifHE (Preg) & FHIIN TV D, 7235, CRTEHNTERICHETH2DT, CMA
DA B Z PR M EL Pop & 72 5

ERBENLH S X912, Fig.1.6 (23T BD fiZ4 T OMEAT CHtIRREICH 5 D T,
BD S & WKW ARATEDMER T 2 AWM A 7 D0 IR ST, &8ss <5 8RIEH
OFTHOMER LT 72 0O TE IR L2V, RPG WE(D R) B2 M EN, &8x
BEELIELNE LTI 2 Lnh, SEERNICHIGT 2 ERRIE, A
T & R CHRBRDE LMD D RPG A b i KAf IS H D IRIE  (=Ppax-Prec) &
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Fig.1.7 Relationship between crack propagation rate and effective stress intensity factor range

based on RPG load.
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Fig.2.3 Stress distribution subjected to  Fig.2.4 Crack subjected to concentrated load
unit load on envisaged crack path. on crack surface.
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condition.
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Fig.2.10 Schematic illustration of crack opening/closing model at Ppax.
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Fig.2.11 Principle of superposition concerning the stress distribution maximum loading (Pmin)

condition.
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Fig.2.12 Schematic illustration of crack opening/closing model at P;p.
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Fig.2.13 Schematic illustration of crack opening/closing model at Pgpg.
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Fig.2.14 Schematic illustration of relationship between tensile plastic zone and previous maximum

plastic zone.
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Fig.2.15 Principle of superposition concerning the stress distribution maximum loading (Pmax)

condition for the case of current plastic zone tip locates on the inside of maximum plastic zone tip.
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Fig.2.16 Comparison between experimental results and estimated ones. (R=0.05).
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Fig.2.17 Comparison between experimental results and estimated ones. (R=0.5).
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Fig.2.18 Comparison between experimental results and estimated ones. (&=15%).
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Fig.2.19 Comparison between experimental results and estimated ones. (£&=30%).
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Fig.2.20 Comparison between experimental results and estimated ones. (=2.0).
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Fig.3.1 Strip yield model.
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Fig.3.2 Illustration of crack-surface displacement for fictitious crack by strip yield model and

approximation of actual state of COD.
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Fig.3.3 Correction of the cohesive force applied over a fictitious crack surfaces.
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Fig.3.4 Mesh model for FEM analysis.

Table 3.1 FEM analysis conditions.

Specimen type: Center Cracked Tension (CCT)

Specimen width: W [mm] 50
Half crack length: a [mm] 15, 25, 35
Number of nodes, elements 41338 (nodes), 40569 (elements)

Yield stress: oy [MPa] 300, 500, 700
Second modulus: H [MPa] E/50, E/100, E/200, E/10000
Applied stress: oned oy 0.25, 0.50, 0.75, 0.95
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Fig.3.5 Relation between the dimensionless integral of plastic strain and the plastic strain over a
fictitious crack line (ov =300MPa).
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Fig.3.6 Relation between the dimensionless integral of plastic strain and the plastic strain over a
fictitious crack line (ov =500MPa).

Plastic strain over a crack line :
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Fig.3.7 Relation between the dimensionless integral of plastic strain and the plastic strain over a
fictitious crack line (ov =700MPa).

BB 0D K212, LX) & gX0)DREMRIZ, RIS EZRH5EIZHB W TE 300MPa
DOFER L FARICEANTERT ZENFTRETH Y, NP ORI ATERIE oy I LT
KFET 5, 2T, BIRIEoy, MTHELEH 58 an R ZHA LT, Fig.3.8 2 Hloy
& aDBARE R,

0.5

T T T T T T T T T | T T T T

Second modulus: H = E/50, E/100, E/200, E/10000 |
O :oy = 300MPa-
m o, = 500MPa
A oy = 700MPa]

o©
h-

O
w
JPPPY FED

o = 0.16(H/s )

QA |
."Ao-I--J./..A..O____. ____________________ o ]

Coefficient : «
o
n

-
|
T

o

o
ol
=
o

15

Dimensionless workhardening coefficient : H/ oy

Fig.3.8 Relation between coefficient « and the dimensionless work hardening coefficient.
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Fig.3.9 Relation between coefficient « and the dimensionless work hardening coefficient.
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Fig.3.10 Comparison of the crack opening displacement between proposed strip yield model and

elastic-plastic FEM.
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Fig.3.11 Modification of biaxial restraint condition for the cohesive stress.
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Fig.3.12 Comparison of the crack opening displacement between proposed strip yield model and

elastic-plastic FEM.
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Fig.3.13 Cohesive stress distributions on each hardening condition.
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Fig.3.14 Comparison of the crack opening displacement between proposed strip yield model and
elastic-plastic FEM (ov=300MPa, H=E/100).
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Fig.3.15 Comparison of the crack opening displacement between proposed strip yield model and
elastic-plastic FEM (ov=300MPa, H=E/50).
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Fig.3.15 Comparison of the crack opening displacement between proposed strip yield model and
elastic-plastic FEM (ov=300MPa, H=E/50).
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Fig.3.16 Comparison of the crack opening displacement between proposed strip yield model and
elastic-plastic FEM (ov=300MPa, H=E/200).
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Fig.3.16 Comparison of the crack opening displacement between proposed strip yield model and
elastic-plastic FEM (oyv=300MPa, H=E/200).
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Fig.3.17 Comparison of the crack opening displacement between proposed strip yield model and
elasitc-plastic FEM (ov=500MPa, H=E/50).
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Fig.3.17 Comparison of the crack opening displacement between proposed strip yield model and
elasitc-plastic FEM (ov=500MPa, H=E/50).

aW=03 | oy = 500[MPa]
= H = E/100[MPa]|

w

Opet/oy =075 | O : COD by FEM

@ : (Sum of plastic strain)
X (1+ oy fE) by FEM

| --- - Strip yield model (Dugdale)
i — : Striip yield model (Proposed)

)

o
ety = 0.5,

)

—

Dimensionless COD, V(X)E'/ o ya
N N

00 0.1 0.2 0.3 0.‘0:5 016 0.|7 018 0.|9 1
Dimensionless distance from crack mouth, x/W
(a) /W=0.3
Fig.3.18 Comparison of the crack opening displacement between proposed strip yield model and
elasitc-plastic FEM (ov=500MPa, H=E/100).
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Fig.3.18 Comparison of the crack opening displacement between proposed strip yield model and
elasitc-plastic FEM (ov=500MPa, H=E/100).
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Fig.3.19 Comparison of the crack opening displacement between proposed strip yield model and
elasitc-plastic FEM (ov=500MPa, H=E/200).
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Fig.3.19 Comparison of the crack opening displacement between proposed strip yield model and
elasitc-plastic FEM (oyv=500MPa, H=E/200).
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Fig.3.20 Comparison of the crack opening displacement between proposed strip yield model and
elastic-plastic FEM (ov=700MPa, H=E/50).
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.-+ - Strip yield model (Dugfdale) H=E/S0[MPa]
— : Strip yield model (Proposed)

---------- 0i: COD by FEM
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@:: (Sum of plastic strain)
} X (1+0y/E) by FEM
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Dimensionless distance from crack mouth, XYW
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[~ : Strip yiekl model (Dugdate) | H=E/S0[MPa]| 7
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CSSogis... @ : (Sum of plastic strain)

X (1+cy/E) by FEM 1

Dimensionless COD, V(X)E'/ova

0 v 1
0 05 1
Dimensionless distance from crack mouth, x/W
(c) a/W=0.7

Fig.3.20 Comparison of the crack opening displacement between proposed strip yield model and
elasitc-plastic FEM (ov=700MPa, H=E/50).
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aW=03 | oy = 700[MPa]
= H = E/100[MPa]|

w

Opet/Cy = 075 O :COD by FEM

LT
.

@ : (Sum of plastic strain)
X (1+ oy /E) by FEM

| --- - Strip yield model (Dugdale)
i — : Striip yield model (Proposed)
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00 010203040506070809 1
Dimensionless distance from crack mouth, x/W
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.-+ - Strip yield model (Dugfdale) H=E/100[MPa]
— : Strip yield model (Proposed)

e 0i: COD by FEM

N @': (Sum of plastic strain)
X (1+oy/E) by FEM
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Dimensionless distance from crack mouth, XYW
(b) a/W=0.5

Fig.3.21 Comparison of the crack opening displacement between proposed strip yield model and
elasitc-plastic FEM (ov=500MPa, H=E/100).
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Law=07  |oy=700[MPa]
[--- : Strip yiekl model (Dugdate) | H=E/100[MPa] ]
| — : Stiip yield model (Proposed) ! _
- O : COD by FEM -

q S @ : (Sum of phastic strain)
X (1+cy/E) by FEM T

™ )

Dimensionless COD, V(X)E'/ova

0
0 05 1
Dimensionless distance from crack mouth, x/W
(c) a/W=0.7

Fig.3.21 Comparison of the crack opening displacement between proposed strip yield model and
elasitc-plastic FEM (oyv=500MPa, H=E/100).

aW=03 | oy = 700[MPa]
= H = E/200[MPa]|
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i — : Striip yield model (Proposed)
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00 0.1 0.2 0 0.‘0:5 016 0.|7 018 0.|9 1
Dimensionless distance from crack mouth, x/W
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Fig.3.22 Comparison of the crack opening displacement between proposed strip yield model and
elasitc-plastic FEM (ov=500MPa, H=E/200).
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a/W=0.5 g 5,=700[MPa]

.-+ - Strip yield model (Dugfdale) H=E/200[MPa]
— : Strip yield model (Proposed)
--------- 0i: COD by FEM

.
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@:: (Sum of plastic strain)
} X (1+0y/E) by FEM

i« Crack ip

Dimensionless COD, V(x)E'/cya
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Dimensionless distance from crack mouth, XYW
(b) a/W=0.5
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- a/W=0.7 cy=700[MPa] |

[~ : Strip yiekl model (Dugdate) | H=E/200[MPa] ]
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s, O : COD by FEM 1
----- @ : (Sum of plastic strain)

X (1+cy/E) by FEM T

Dimensionless COD, V(X)E'/ova

0 i 1
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Dimensionless distance from crack mouth, x/W
(c) a/W=0.7

Fig.3.22 Comparison of the crack opening displacement between proposed strip yield model and
elasitc-plastic FEM (ov=500MPa, H=E/200).
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Fig.3.23 Stress versus strain curves.
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Fig.3.24 Work hardening properties of applied materials (oy=300MPa).
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/ Type' of specimén :CCT
Yiedl strength: oy = 300 MPa
Applied stress o, /oy =0.25,0.50,0.75,095
Dimensionless crack lengtha/W=0.3,05,0.7
Distance from crack ipx/ @ =006~100 ..

{ H=E/10000

0.1

- 7 ‘._--’-______.
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- eq(3.4)
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Dimensionless integral of plastic strain : L{x}/x

T T T [T T T T T T T T [ T T T 1

Plastic strain over a crack line: g,(x,0)

Fig.3.25 Relation between the dimensionless integral of plastic strain and the plastic strain over a
fictitious crack line (cy=300MPa).
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Fig.3.26 Work hardening properties of applied materials (ov=500MPa).
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. - Type of specimen : CCT .
o | Yield strength : oy = 500 MPa ]
X | Applied stress : o,./oy =025,050,0.75,095 |
& 0.2 Dimensionless crack length :a/W=0.3,05,0.7 _
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E [ —eq.(3.149) ]
- - leq (34) .
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Dimensionless integral of plastic strain : L(x)/x
Fig.3.27 Relation between the dimensionless integral of plastic strain and the plastic strain over a
fictitious crack line (oy=500MPa).
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a/W=0.5 g 5,=300[MPa]

---- : Stiip yiekl model (Dugfdale) n=0.24

| O :COD by FEM
; @ : (Sum of plastic strain)
i X (1+o,/E)by FEM

4— Crack tip

—
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e = o W

Dimensionless COD, V(x)E'/cya

(o

0 1

Dimensionless distance from crack mouth, XYW
Fig.3.28 Comparison of the crack opening displacement between proposed strip yield model and
elastic-plastic FEM(oy=300MPa, n=0.24, F=1440MPa).
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Fig.3.29 Comparison of the cohesive stress distribution between linear hardening and n-th power law

hardening.
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Fig.3.30 Comparison of the crack opening displacement between proposed strip yield model and
elastic-plastic FEM(oy=300MPa, n=0.24, F=1440MPa).
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L aw=05 | |ey=500[MPa]]
[---- - Strip yiekl model (Dugdale) [N=0.15 I
| — : Strip yield model (Proposed)

R Oi:COD by FEM 7

- @:: (Sum of plastic strain)
| X (1+ay/E) by FEM 1

()

'« Crack ip
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O
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0

Dimensionless distance from crack mouth, x/W
Fig.3.31 Comparison of the crack opening displacement between proposed strip yield model and
elastic-plastic FEM(oy=500MPa, n=0.15, F=112).
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Fig.3.32 Comparison of the cohesive stress distribution between linear hardening and n-th power law

hardening.
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Fig.33 Comparison of the crack opening displacement between proposed strip yield model and
elastic-plastic FEM(oy=500MPa, n=0.15, F=1127MPa).
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* Dimensionless crack length : a/W =0.5
= Yield stress : oy = 300[MPa]
6| - Hardening law : n—th power's law 7

- =O—: Strip yield model (Proposed) -
4| ¥ : Stiip yield model (Dugdale) J
| ——: Strip yield model (Hoffmann and Seeger i

Error : Ad [96]
o
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_8 1 1 1 1

Dimensionless net stress : o,./c,

Fig.3.34 Comparison of error Ad between Dugdale model and strip yield model with HRR solution
and proposed method (ov=300MPa).
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* Dimensionless crack length : a/W =0.5
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Dimensionless net stress : o,/o,

Fig.3.35 Comparison of error Ad between Dugdale model and strip yield model with HRR solution
and proposed method (oy=500MPa).
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Fig.4.1 Principle of superposition concerning the stress distribution maximum loading (Pmax)

condition.
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Fig.4.4 Principle of superposition concerning the stress distribution maximum loading (Pmax)

condition for the case of current plastic zone tip locates on the inside of maximum plastic zone tip.
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Fig.4.5 Plastic strain distribution near the crack tip.
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Fig.4.6 The stress versus strain characteristic applied to the fatigue crack growth simulations.
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Fig.4.7 Configuration of center notched specimen used.

Table 4.1 Mechanical properties of KA36 steel used.

Mechanical properties
Yield stress [MPa] 352
Tensile strength [MPa] 494
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Fig.4.8 Comparison between experimental results and estimated ones (R=0.05).
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Fig.4.9 Comparison between experimental results and estimated ones (R=0.3).
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Fig.4.10 Comparison between experimental results and estimated ones (R=0.5).
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Fig.4.11 Comparison between experimental results and estimated ones (&=15%).
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Fig.4.12 Comparison between experimental results and estimated ones (&30%).

98



Load reduciton ratio: £=45%
Marks: Mesured
30 | Curves: Numerical simulations
--------- : Estimated (with work hardening effect)
B - Estimated (with work hardening effect)
= 20 Maximum load
=
go)
(u —
S
RPG loads
10 | .
0 . . Minimum Ioald
5 6 7 8 9
Crack length : a [mm)]
(a) History of RPG loads
5
= Load reduction ratio: £=45%
E |
& 47
w0
I
©
I
-(U 3 |
é
o)
E e Marks: Mesured
§ g Curves: Numerical simulations
o I T : Estimated
o g (without work hardening effect)
3 1F :
(o] : Estimated
o i (with work hardening effect)
s L
o
0 10

Number of cycle : N [cycles] [ 107
(b) Crack growth curve

Fig.4.13 Comparison between experimental results and estimated ones (&45%).
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Fig.4.14 Comparison between experimental results and estimated ones (a=1.5).
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Fig.4.15 Comparison between experimental results and estimated ones (a=2.0).
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Fig.4.16 Comparison between experimental results and estimated ones (a=2.5).
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Fig.A.1 CCT Specimen.
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Fig.A.2 Mesh model for FEM analysis.
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Fig.A.3 Loading pattern for analysis.

Table A.1 FEM analysis condition.

) 0.05 (Pmax=22KN, Ppmin=1.1kN)
Stress ration : R
Young’s modulus : E [MPa], Poisson’s ration : v 206000, 0.3
Yield stress : oy [MPa] 300 (von Mises)
Stress strain characteristic nth power law, n=0.24, F= 1440[MPa]
Hardening rule Isotropic
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-»-: Crack opening/closing model

O : FE analysis

0.05

Y component plastic strain increment :

%5 15.2 15.4 15.6 15.8
Distance from crack tip : X [mm]

Fig.A.4 Plastic strain increment distribution under maximum loading (Pmax) condition. (R=0.05)
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- Crack opening/closing model

O : FE analysis
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Y component plastic strain increment : Ag

Distance from crack tip : x [mm]

Fig.A.5 Plastic strain increment distribution under minimum loading (Pmin) condition. (R=0.05)
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-»-: Crack opening/closing model
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Fig.A.6 Plastic strain increment distribution under maximum loading (Pmax) condition. (R=0.5)
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Fig.A.7 Plastic strain increment distribution under minimum loading (Pmin) condition. (R=0.5)
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