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ABSTRACT

ABSTRACT

With the improvement of industrial technology in aerospace, rail transport, naval
architecture and marine, and mechanical manufacture, the modern mechanical
equipments are gradually moving in a large, high-speed, and high performance direction.
Most of critical components and structures undergo complex and harsh environments in
service, which often causes a series of accidents. The typical failure modes for
engineering structures and mechanical parts are corrosion, wear and fatigue, in which
the fatigue failure is particularly prevalent. For engineering components under cyclic
loadings, fatigue and fracture are the most common cause that comprises approximately
50% to 90% of mechanical failures. Owing to the concealment and sudden failure of
fatigue, it will cause a serious threat to the safe operation of mechanical equipments.
Once the failure occurs, it is easier to cause major accidents, human injury, and
economic loss. The fatigue life and reliability of mechanical parts and structures are
crucial to the development of the whole of equipments in life and system reliability. In
order to guarantee the safety and reliability of equipments during service operation, it
should be essential to accurately assessing and predicting the fatigue life and reliability
of mechanical structures. Thus, it can contribute to making maintenance strategies and
health management plans, maximizing the use of equipments, improving economic
benefits, and fatigue resistant design.

Due to the complexity and stochasticity of fatigue process, the traditional life
prediction models and reliability analysis methods cannot meet the demand of practical
engineering. To date, there still have so many critical issues that need to be resolved in
fatigue theory. According to the deficiencies and shortcomings in existing models, the
objective of the dissertation is to deal with the challenges in fatigue damage
mechanisms, life prediction, and reliability analysis for mechanical structures, which
uses the finite life design method and cumulative fatigue damage theories. In this
dissertation, the experimental data from the metallic specimens of critical components
of equipments and welded structures are employed to demonstrate the effectiveness of
the proposed methods. The main contributions and innovative outcomes of the
dissertation are summarized as follows:

(1) Development of an equivalent fatigue damage rule accounting for load
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ABSTRACT

interaction effects for residual fatigue life prediction. Due to the complexity of loading
histories under variable amplitude loading and the insufficiencies of Miner rule, the
mechanisms on load sequences and load interactions are studied systematically from a
point of damage accumulation. According to the double parameter fatigue criterion, a
concept of fatigue damage state is introduced to characterize the damage degree of
materials. In view of the limitations of traditional equivalent method, a new equivalent
fatigue damage rule is developed to account for the load interaction effects between two
consecutive stress amplitudes. By applying this method to a fatigue damage model
based on static toughness exhaustion theory, a modified residual life prediction model is
derived, which can consider both mechanisms of load sequences and load interactions
on damage evolution and fatigue life.

(2) Development of a nonlinear damage accumulation model based on fatigue
driving energy parameter for residual fatigue life prediction. The damage variable is
typically used to describe the process of fatigue failure both qualitatively and
quantitatively. In order to reveal the nature of energy dissipation on fatigue that
conventional damage variable often ignores, by incorporating a fatigue driving stress
model and strain energy density, a fatigue driving energy parameter is proposed to
present the complete process of fatigue failure. By assessing the change of fatigue
driving energy parameter, a fatigue damage quantitative method and a nonlinear damage
accumulation model are thus established. According to the equivalent fatigue damage
rule, a residual life prediction model as well as a modified model accounting for load
interactions is also derived. Moreover, several typical nonlinear characteristics of two
models are extracted and analyzed.

(3) Development of a modified linear damage accumulation rule based on dynamic
residual S-N curve and material memory degeneration. Due to the expensive
computation of nonlinear damage theories and the advantages of Miner rule in practical
engineering, the dynamic residual S-N curve and material memory degeneration
behaviors are studied form the pespective of residual life and S-N diagram. By
introducing a material memory degeneration coefficient to quantify the slop ratio of
dynamic residual S-N curve, a modified linear damage accumulation model is then
ontained. This model not only maintains the simplicity of traditional Miner rule, but
also can provide a quantitative analysis of fatigue damage and life assessment. In

addition, three linear damage rules are used for model comparison, and some common
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ABSTRACT

characteristics and linear damage behaviors are discussed in detail.

(4) Development of a probabilistic cumulative damage model based on double
linear damage accumulation rule and a time-dependent fatigue reliability analysis
method. Fatigue failure is a dynamic process of damage accumulation in nature, while
the traditional static statistical model cannot consider the time-dependent characteristics
due to fatigue loading. For dynamic statistical models, the Miner rule is generally used
for reliability modeling, which fails to depict the two stages of fatigue process, i.e. crack
initiation and crack propagation. In order to alleviate such deficiencies, by using the
double linear damage rule, a probabilistic cumulative damage model is put forward
under normal and lognormal distribution assumptions. Based on the stress-strength
interference model, a time-dependent fatigue reliability model accounting for
cumulative damage and critical damage is also developed, which can predict the

reliability variation during the entire usage life.

Keywords: cumulative fatigue damage theories, load interaction effects, fatigue driving

energy, life prediction, reliability analysis
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Function, PDF) #5475,y CLAn Bt H L2 5 AOME 2R 40 A il 3 S HH R S0 Bt M LR £
(I3 AR o FH T I S0 5 9% 57 75 a A6 N G5 A IR OIS, 3 2 TR TR iR
HORRTTHIIR N -
D, =q(N,) (5-27)

H(5-27), 118 D, I B A k% (Cumulative Distribution Function, CDF)

s
F,(D.)=F,(q7"(D.)) (5-28)
XF(5-28) Wik T, 1331 D, (ML 2 FE s EOR -
d o
f(DC):d_DCF"(q (D))
d g (D -1 -1
e [ e (2R (0)
(C | (5-29)
_d(g' (D)) .,
-—p/'(2)
dN
:d—Djf(Nf)

ARAE L PR VE I, WG B0 D, AL B 1T N80k REBI D, Fifi B
I NHLP R ERBE D, - H(5-23), ARG ERR:
D, = D,+Dy=kN,+k,N, =[ k' +k,(1-a') [N, =k'N, (5-30)
b, K REEAL
WNFTEE, 5 AR N, MIGETHREE AT HE S Ak, I N, ~N(ny,,aN,,),

2
_1 M (5-31)
2 Oy,

;_CEEP ’ ,UNf %Nf E‘Jﬁﬂﬁo
K A (S-30)F(S-31DARAN(5-29), A 15
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D)=—exp| ——| ——— 5-32
f( C) k;O_N/ [27[ [ 2( kiaNf J J ( )

Hbnr%n, D, B IRMIER A, I RbRE 28 -
Hp = I:kla,+kII (l_a’):l Hy,

o, = ka' +k; (1-a')] oy,

(5-33)

WAL BT 5087, T LA BIE R AL 25 d T Bk SRARE5 D (n) RS 53
A, HIEFRRAEZE 53 0 H (5-34) F1 K (5-35) 87

kn, n< N,
ﬂD(n) = n (5-34)
ko'+k)| —-a'||my, N, <n<N,
N, ' ‘
n
kl N_fO-Nf , n< ]Vl
Opmy = (5-35)

{kla’-q-kn (Ni—a’ﬂ Ty, » N, <n<N,
A

AT mT L, SR AR A S (AR 22 B e I A IR B ) e ME e B, HAE S
PO R« LU AT i RO SO 57 A i (R BEE AR 2247 Ko

5.3.2 MEIEDSSH MRS RINEE

(e TRSERR T, SPEGE AR 2, AT BB 35 7 i R M A T A
OIATHIBENIE R, BTN, ~ LN (O, ) BRID N, ~ Nty 50y, ) > Tt gty FO
Oy, T AAE N, (RO E AR bt 2

FlT5(5-26), Zhu 5L B A S EREIR O P A A S

Inn

O-lnn :Walan (5-36)
X, Inn ERENLARR, HMRIAE N, 2 #IRAIES 2.
MR (5-23), ASFEIFT BN ) R AR ] IR -
D(n)l =kny, BrEd: n <N,
(5-37)

D(n)H =k,n,, B 0, < N,
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Kb, n Rlng 53 BIFOREBE DRI BE L R (KO INEAEAUCEL, D(n), F1 D (n), 53505
FHN BT 1 2R
X 2(5-37) LU £ T 45
InD(n) =Ink+Inn, n <N,
(5-38)
InD(n) =lnk,+Inn,, n;<N,
H1X(5-38), InD(n)HInn 2B RALMERFR. HT Inn RAIEZ AT, W
D(n), A1 D(n), ¥ M I b BOIE & 4 Ao B D(n), ~ LN fhapiny Ounin, ) !
D (), ~ LNy pny,»Ciapiny, ) = I D(n) FlIn D (n), (GEVHRFES KA T

Hinpin, =Ink; +Inny,  n <N,

Inn, (5-39)
O-lnD(n)l = ln Nf UlnN/ 5 nI < Ni
Hiapny, =Ink, +Inn,;, n; <N »
Inn, (5-40)
Oy, — Walnzv,. » <N,
H X (5-23) M (5-37), BRI A XS E A
D(n),, n<N,
D (n) = (5-41)

D(N,),+D(n-N,),, N,<n<N,

1

TEIR 57 RACRE T I S04 D, e ANB B BRI R R, BRS04
i D(N,), AL e Wi D(N,) - H.D(N,), FID(N,) 2 i HE RS 5311 1
WLz, R D, MR A ok ik . 72 TR B, Xy D, #4725 0Ak
B G R BS54, Wik 5-10 B,

A

D &R S

LS o )

5-10 s L m b A H R B K
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RACAE ) Z5 A e BEAR R AL AL TR AOAEARSE, B

E[D,]=E[D(N,) |+E| D(N,), |

PJn

(5-42)
Var[D,]= Var[D(Ni)I]+Var[D(N )H}

p

Reft, B[R Var[] 5B RAE R GB0D FI—IE (Tr%).
RURAPECE S IR, D(N,), IR R DL 1, P03, Bl

£330, Rl
E[D(Ni)l] = exp(ﬂlnD(Ni)l +l qu(N,.)Ij

2 (5-43)

Var[D(Ni)I] = [eXp(O-éD(Ni ) ) - 1] eXp(zlulnn(N,)I + O-lip(z\fi)I )
FIEE, FIAED(N,) RS %

1
E[D(Np)n:l = eXp(ﬂmD(N,,)n +501?1D(N,,)n j
(5-44)

Var [D(Np )n} = |:exp(o-hqu(Np)H ) - 1j| eXp(zluln b,y T O-liD(Np)H )

B2 (5-43)FI(5-44) 0N (5-42), 115

1, 1,
Hp, = eXp(ﬂlnD(Ni)I +E mowyy, | T EXP| Hpw,), +Eo_lnD(N[,)"

[exp (O-limNi)I ) - 1] exp (Z,umD(Ni)I + O-liD(N,)I ) n (5-45)
op =

2 2
[eXp ( Olnp, )y ) - 1} CXp (2/‘1nD<N,, w T O, ), )

AR BAER AT YESG In D, G ZH0T g, Mo, Feif2), f:

2
1 Op,
Hip, = In gy, _Eln(l+%j

Hp,
2
o}
Onp, = ln{l +%J
Hp,

R AR AT BT R A R (R BT AR BRI
W BUSTE, BRUINGES R T AN BE R, ik F
(1) BT BEEME, n<N,, InD(n) REIERTBRAEZ N

(5-46)

120



U RO ER) RS I AR 05 w] SEE ) A

2
1{ Inn
Hinpiny = Ink, +Inn _§£—0-1an }
f

InN
' (5-47)
Inn
O-lnD(n) = WalnN/
s
(2) BB Il HA B, N, <n<N,, f:
1, 1,
Hpy = €XP| Hupev,y, + 5 Tmow, TEXP| Hinpu-n,), T 5 TinDe-Noy
(5-48)
[exp (0-1?11)(1\7,)1 ) - 1] €Xp (zlulnD(N,. y T O-liD(N,)I ) +
Opm =
[eXP (O'ti—N,-)n ) - 1} CXp (Zﬂmmn_zv,.)" + Gl iy, )
Xt 3 (5-48)BEAT X E e e, WA
1 O-é(n)
=In ——In|1+——=
Hinpen) Hpn 5 ( /’llz)(n)
(5-49)

2

O-D
_ (n)
Olupim = h{l-'_,uz J
D(n)

I (5-47) RIS (5-49) IR GE T2 BT WA o7 4 D A L 982 55 243 i (100 Ky
(E SR B Z2 oKk MY, IR 57l St #r

5.4 B S A MRS

TEGERRE S5 BEvE T, N -3 B F-UB R0 e 55 R S Pk AW IRl (R e —
NS, JovE 25 80 57 i FR AT AV F PR I AR o MR Y g -0 D A
TR A SELARL, A MR 2k PR i R AR Y - 2 M 9 55wl HEPE 0T, 40 9l
EERD AN BOEAR AR TR “ SRRBG-IR A 85 7 i sA,
541 EASHTHRT A EEHEE

SRR 5T I RO AW R IS5 H e A7 Sk IR R AR /N T il A
i, MIEERAL T 22 40REs, AL TRBORE . 5 BLERB b it 25, W
ey ARSI E LW IR

G(n)zDC—D(n) (5-50)

Kot G(n)>0, Gl TFaaRE: G(n)<0, G THIRA: G(n)=0,
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FRIRE TR FRRES
AR LS AT B B B BRSBTS, AT D, A D () 152 M A IE 2590 A1 () B
BLAZ L, SR T S PR 250K «
R(n)="Prob(G(n)>0)

=1-Prob(D, - D(n)<0) (5-51)

Hp = Hpwy
= (f)= 0| 20
(%) [Ja;wg(n)]

X, BIETEE SRR,

AR INZL T, K a(5-33). (5-34)FI(5-35)FRNZ(5-51), &5 Ky m] 52 15 ok H ]
a3 LR PANBY B dfiad .

(1) BrBEI: Qi ENBL, n< N, "EEERECN:

1—kn

R(n)=® - (5-52)
' o : n
\/{[kla +hy(1-a)]o,, | +(kl ¥, JNJ
(2) BrBeIn: Ray B, N, <n<N,, fi:
1_{]‘1“""]‘11 (n—a'HNf
N,
R(n)=o - (5-53)

2
O-Nf}

TR INEL T, St AR SZ AN O AR RS IE I B gar IR, % 55 1 AN AL
AN AEREASBENUE R o i S R 7 A1 B 28T P R b BT A 28 A 1R I 280tk
SULRBR G IES B RE, ATHidy .
f(DC):f({al,nl,D(nl)},{O'Z,nz,D(nz)} ..... {ai,nl,,D(nl,)}...,{O'k,nk,D(nk)}) (5-54)
A, D(ny) B IR 55§ B BT i R A

ANFEINZRY BT 1) BRI AR e I IE A AT R 5, I 4G22
s AR BN B B B . ARYE IR A BTk, m AR R IE S
IiA. Bk, (S-S50 PTHE 2 2 A mats oL, S

S
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(1) E-ACIn#% 1% 04—A4B—BP—PN, Il 5-11(a).
W (5-35), D (m) 1 D(n, ) 7B SVE -

n
Opny =k ——0
D(ny) 1 Nfl Ny
(5-56)
n ' '
Opm) = |:k21 (Nz _(l_a )J thyy (1—0{ )} Ovy,,
f2
WHE D A2 7R
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n n ’ !
o) _\/(klN—laN“] +{k2I (N—Z—(l—a )}Lkzn(l—a )} O'f,ﬂ (5-57)
f1 f2

AR A P A7 i A0 A R 3 P B A B B, mI5E B2 pR oy BN AN B (Ut
Al BT B AN R) 98 57 45 O T P A B B«
1) B =T i B, nsn H:

1-kn

2
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o, + k—o0
\/ Pe (1Nf] N“J

2) B2 REAT AN B, n <n<n +n,, WJEEREH LIRS 20 BER EUIA
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(2) WK% #%1%: OE—EF—FN, WK 5-11(b).
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Op(n) =k N O,
1
n
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O p(nm) = kyy N Ow,,
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W D, 35N -
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(5-61)

(5-62)

MR 57 B 07 1) RAR AR, ] S L pR A0 AT Bes Bk, 0 ) A

PR BRI N, ik 1 F
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1-kn

2
P n
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_ 1
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n
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O p(ny) =k, N Oy,
2

T D, AN -

125

(5-63)

(5-64)

(5-65)



HL P RHOR AT A1 C

2 2
n n
o, =, k—o +| k,—o0
D, \/( lel Nﬂj ( 21 Nfz Nﬂj
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n
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(5-67)
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R(n)=® = (5-71)
o2+ k, o }
\/ D, [ 21 Nfz Ny
@ i—’l]\’i2<nﬁn2, ﬁ‘:
l-| kya'N,, +ky (n—a'N
R(n):(l) [ 21 /2 211( f2):| : (5_72)
! n !
\/O‘é{ +{kﬂa +kyy (Nfz—a ]:l O'N”}
2) B2 mBATINEBL ny<n<n,+n, f:
l-| kya'N,, +k, \n,—a'N,,)+k (n—n
R(n):(l) [ 21 12 211( 2 fZ) 1( 2):| (5_73)
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o +dlkad +k | 22 —a'||o T L
\/ D, 21 21 Nfz Ny 1 Nf] Ny

5.4.2 MEIESSH TRERATEERE
MRS AL A B $0; RV, BRI D (n) FlG 751405 D, #57E
A MRS BOE R0 AT BN LA & . 5 A58 D (n) 55 D, Z IAIEIARSCNE, T2 E RR i)
RN
G(n):lnDC—lnD(n) (5-74)
H T In D, M in D(n) lAIEZS I3, WG (n) ARMIERS A, #9707 5e L R AL
R(n)="Prob(G(n)>0)

=1-Prob(In D, —In D(n)<0) (5-75)

_ @(ﬂ) —(I){ /l’llnDc _lLllnD(n)

2 2
\/O-lnDE + 0,

FEMENEINEL T, ARG B0 (Rt 2(5-75) AT 70 i FH LA AN B i ads
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05 D, FIEAIbRHEZE N -

k 1
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