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Abstract The authors have developed a simulation pro-
gram, CP-System, for multiple cracks propagating in a
three-dimensional stiffened panel structure, where through-
the-thickness crack propagation is formulated as a two-
dimensional in-plane problem, and the crack propagation
behavior is simulated by step-by-step finite element anal-
yses. In order to evaluate the fatigue lives of marine
structures accurately, it is necessary to take into account
the load histories induced by sea waves, which may be
composed of a random sequence of certain clustered loads
with variable stress range. In the proposed crack growth
model, the crack opening and closure behavior is simulated
by using the modified strip yielding model, and the effec-
tive tensile plastic stress intensity range, AKgp, is
calculated by considering the contact of plastic wake along
the crack surfaces. The adequacy of the proposed crack
growth model is examined by comparison with fatigue tests
under non-constant-amplitude loading. The usefulness of
the developed method is demonstrated for a ship structural
detail under certain simulated load sequences. It is shown
that the fatigue crack growth of a ship structure is signifi-
cantly retarded due to the load interaction effects, so that
the conventional method for fatigue life assessment may
predict a relatively conservative fatigue life of a structure.
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1 Introduction

In ship structures, fatigue cracks are usually detected by a
surveyor by visual inspection. Although it is preferable to
detect fatigue cracks at an early stage, small cracks such as
those illustrated in Fig. 1a may sometimes be overlooked
because of poor accessibly and visibility. In contrast,
longer fatigue cracks such as those in Fig. 1b and ¢ may be
easily detected by visual inspection, but their remaining
lives generally make up just a few percent of their total life.
If one can utilize several favorable effects to retard the
propagation rate so as to avoid hazardous crack propaga-
tion, a rational fatigue crack management as illustrated in
Fig. 2 could be applied, where the fatigue crack propaga-
tion behavior should be predicted accurately, and fatigue
cracks of visible size are inspected at least twice during the
service life [1-3].

In our previous studies, Sumi and associates have
developed a simulation program, CP-System, for crack path
prediction and assessment of remaining life of fatigue crack
propagation in three-dimensional welded structures [1-7].
In the simulation program, through-the-thickness crack
propagation is formulated as a two-dimensional in-plane
problem, and the crack propagation behavior is simulated
by step-by-step finite element analyses. In order to simulate
realistic fatigue crack propagation in large-scale structures,
the following factors should be considered:

geometries of structural details
actual boundary conditions
— load shedding during crack propagation
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Fig. 1 Fatigue crack propagation in a longitudinal stiffener: a surface
crack at the weld toe, b through-the-thickness crack in the face-plate
and the web-plate, and ¢ through-the-thickness crack in the web-plate
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Fig. 2 Proposed concept of fatigue crack management in a welded
structure

— simultaneous propagation of multiple cracks
— welding residual stresses
— effects of load sequences

In order to simulate the retardation and acceleration
effects of fatigue crack growth precisely under the random
load sequences induced by sea waves, a crack opening and
closure model is incorporated in the present study. In the
crack opening and closure model, in order to describe the
plastic deformation ahead of the crack tip and the plastic
wake on the crack surfaces, a number of bar elements are
distributed based on the crack opening displacement eval-
uated by a strip yielding model, which was originally
proposed by Newman [8] and Toyosada et al. [9-11]. The
effective tensile yielding stress intensity range, AKgp,
which precisely corresponds to the cyclic tensile plastic
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deformation ahead of the crack tip [9—11], is calculated by
considering the contact of the plastic wake along the crack
surfaces.

Furthermore, the adequacy of the proposed crack
growth model is examined by comparison with fatigue
tests under nonconstant loading. The proposed simulation
method is applied to the fatigue crack propagation in a
ship structure subjected to water pressure, where the time
history of the water pressure during ship sailing is simu-
lated by the so-called storm model [12, 13], which is
composed of a random sequence of clustered loadings.
The results obtained by the proposed method are com-
pared with those obtained by using the conventional crack
growth equation. Fatigue crack growth is also investigated
by using an equivalent load range and gradually increasing
load range. It is shown that the fatigue crack growth of a
ship structure is significantly retarded due to load inter-
action effects, so that the conventional method for fatigue
life assessment may predict a rather conservative fatigue
life of a structure.

2 Multiple cracks simultaneously propagating
in a three-dimensional stiffened structure

Let us consider a thin-plate structure as shown in
Fig. 3, which consists of thin plates containing multiple
cracks. The structure is divided into M subdomains, €,
(I =1,..., M), in which there exists no more than one
crack tip. An orthogonal coordinate system is defined in
each subdomain. Body force, f%, is prescribed in the sub-
domain €. Surface traction, tﬁ, is prescribed on the outer
boundary, Sf, and on the crack surface, Slci. Surface dis-
placement, V!, is prescribed on the outer boundary S,. The
boundary of the subdomain ; is denoted by I'; and the
interface between subdomain €; and the adjacent subdo-
main Q, is denoted by I'; N T',,.

The simulation program was developed in order to deal
with multiple cracks propagating in a three-dimensional
structure. The main procedure of the simulation is sum-
marized as follows (see Fig. 4);

1. the finite element mesh is automatically generated by
an advanced paving method [14] in each crack
propagating domain,

2. the surrounding three-dimensional structures are mod-
eled by a general-purpose program and their stiffness
and load vectors are condensed along the crack
propagating domain using the superelement technique
(1],

3. stress field parameters near each crack tip are calcu-
lated by the method of superposition of analytical and
finite element solutions [15],



J Mar Sci Technol

4. crack paths are predicted by the first-order perturbation
solution [16, 17] with the use of the local symmetry
criterion [18], where the interaction effects of the
simultaneous propagation of multiple cracks is taken
into consideration [3, 7],

5. extensional lengths of cracks are calculated based on
a conventional crack growth model [19], or the
present precise crack opening and closure simulation
model,

6. all cracks are extended along the predicted crack paths,

7. go back to step 1 to continue the simulation.

Fig. 3 Cracks in a three-dimensional thin-plate structure
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Fig. 4 Flowchart of the CP-System

3 Simple crack growth model

As mentioned in the previous section, we shall use two
kinds of crack growth models. As a conventional model,
we shall use the following crack growth law [19];

da/dN = C{(U x AK)" — (AKur)}, (1)

where AK is the stress intensity range, C, m and (AKqs),
are the material constants, and U is the effective crack
opening ratio given by

1/(15—R) (—00<R<0.5)
U{l (05<R<1), @)

where R is the stress ratio. It should be noted that the
retardation and acceleration effects of fatigue crack prop-
agation induced by load sequences cannot be considered by
this simple crack growth model.

4 Crack opening and closure simulation model
4.1 Stress field near a crack tip

The second crack growth model is based on the crack
opening and closure simulation by using the modified strip
yielding model. An orthogonal coordinate system (x, y) is
defined in such a way that its origin is located at the crack
tip and the x-axis is directed along with the tangent at the
crack tip (Fig. 5). The stress field ahead of the crack tip is
asymptotically expressed as

k

oy(x, 0) = \/21%—1— T + byy /2—);—&— O(x),
k X

a)'(x7 0) = Zlnx+bl %JF O(X), (3)
k

Ty (¥, 0) = —e + by | + O(x),

V271x 2n

where k; and ky are the stress intensity factors, T is the
constant stress acting parallel to the x-axis, and by and by
are the higher-order stress field coefficients [16, 17]. These
crack tip stress field parameters can be evaluated by finite

Ay

real crack
—P

Fig. 5 Crack tip coordinate system
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element analyses. In the following formulation, the crack is
modeled by a semi-infinite crack having the same crack tip
stress field expressed by Eq. 3, because the relevant cyclic
plastic deformation zone is assumed to be small compared
with the global geometry of a crack.

4.2 Crack tip opening and closure simulation

In Fig. 6, the crack opening and closure model proposed in
this study is schematically illustrated, where bar elements
of the elastic-perfectly plastic solid are connected on the
crack surfaces based on the crack opening displacement
calculated by a strip yielding model. The crack opening
and closure model utilizing the strip yielding model was
originally proposed by Newman [8] and Toyosada et al.

bi+1

bi+l bi

tensile
plastic zone

a

residual tensile
plastic deformation zone

h

not considered

Fig. 6 Schematic illustration of the crack opening and closure model

Fig. 7 Superposition at the
maximum load: a original
problem, b semi-infinite crack
having stress intensity factor,
kmax, and ¢ Semi-infinite crack
subjected to closure stress, Agy,

at the crack tip

tensile plastic zone

infinite solid

[9-11]. Their models are only applicable to simple-shaped
geometries so that further development is necessary to
analyze crack propagation in ship structural details. In the
present study, a new crack opening and closure model is
proposed based on [9-11], where the crack opening and
closure behavior is described utilizing the crack tip stress
field parameters evaluated by finite element analyses so as
to combine it with CP-System. As shown in Fig. 6, n is the
total number of the bar elements, and k is the number of bar
element in the plastic zone. The ith bar element is located
at [b; and b, ], and x; is the mid-point of the bar element.

When the crack is subjected to the maximum load, a
tensile plastic zone is generated at the crack tip, as illus-
trated in Fig. 7a, where a is the plastic zone length, oy is
the yield stress and / is the plastic constraint factor. This
problem can be considered as a superposition of the
problems illustrated in Fig. 7b and ¢, where Fig. 7b shows
the semi-infinite crack having stress intensity factor, kmax,
and Fig. 7c shows the semi-infinite crack subjected to
closure stress, Agy, at the crack tip. Based on Sumi et al.
[16], the stress intensity factor, %max, is given by

= kmax + {bmax/z + lgmax}av (4)

at the hypothetical crack tip, while k., and b, are the
crack tip stress parameters corresponding to the maximum
load at the real crack tip. The parameter, %max, represents the
effect of the finite boundary, which is obtained by analyzing

k max

X

-a

tip

infinite solid
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the auxiliary boundary value problem [3, 7] corresponding to
the maximum load. Introducing the condition that the sum of
the stress intensity factors of the cracks (b) and (c) vanishes
due to no stress singularity at the hypothetical crack tip of the
original problem, the plastic zone size, a, is obtained as

a = nkrznax/{812O'Y - TC max T 2]gmax)kmax}a (5)
which considerably simplify the calculation procedure. The

crack opening displacement at the maximum load, v,,.(x),
is given by

2/2( kmax ZXoy/l
Ef

Sz, (6)

Vmax (x ) =

\fx/_

where

. (E
E:{yu—ﬂ

and E is the Young’s modulus and v is the Poisson ratio. It
should be noted that the origin of the orthogonal coordinate
system has been shifted to the hypothetical crack tip. The
lengths of the bar elements in the tensile plastic zone, /;
(i = 1,..., k), are determined as

ll' = vmax(x,-)/(l + /ldy/E,). (8)

When the load is decreased to the minimum load, a
compressive plastic zone is generated at the crack tip, and

for plane stress
for plane strain,

(7)

Fig. 8 Superposition at the
minimum load: a original
problem, b semi-infinite crack
having stress intensity factor,
kmin, and ¢ semi-infinite crack
subjected to internal stress
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the contact may occur between the crack surfaces as
illustrated in Fig. 8a. Similar to the previous problem, this
problem can be considered as a superposition of the
problems illustrated in Fig. 8b and ¢, where Fig. 8b shows
the semi-infinite crack having stress intensity factor, kpyin,
and Fig. 8c shows the semi-infinite crack subjected to
internal and contact stresses. The stress intensity factor,
I;min, is given by

%min - kmin + {bmin/2 + ]gmin}a*v (9)

where ki, and by, are the crack tip stress parameters, and
kmin is the parameter representing the effect of the finite
boundary, respectively corresponding to the minimum load
at the real crack tip, and a* is the length of the tensile
plastic zone generated by previous load cycles. In the case
where overload effects can be disregarded, the size, a*,
may coincide with that of the current plastic zone, a.

The crack opening displacement at the minimum load,
Vmin(X), 1S given by

)= 2y 2% Kin x, kmm Za, v(xi, X;), (10)

Vmin (xi

where ¢; is the uniform stress acting on the jth bar element.
The quantity v(x;, x;) is the crack opening displacement at
x; when a uniform unit stress acts on the crack-surface
interval, [b;, bj1], and it is given by

(a)

hypothetical
crack tip
A1 v

—a*

tip

real crack hypothetical
crack tip

infinite solid

_:* \Ql{) o

real crack tip

infinite solid

(b) (c)
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[

- /

dé. (11)

v(xi, x;)

If an element remains elastic, the displacement of the
bar element coincides with the crack opening displacement
so that the following relation should hold

(1+ 6:/E;. (12)

By substituting Eq. 10 into Eq. 12, we obtain

Vmin (xi) =

20/ 2(—x)kmin & .
Tﬁ—;w(ﬂ, xj) = (1 +0;/E')l;. (13)

Equation 13 becomes

n
N 2\/ -xl kmm
g; = E ov(xi, x;) —I;

J#t

{é/+v(x,, x,)} (14)

where Eq. 14 can be solved by Gauss-Seidel iterative
method with the following constraints:
for the stresses of bar elements in the real crack region
x; < —a®)

Fig. 9 Superposition at the
RPG load: a original problem,
b semi-infinite crack having
stress intensity factor krpg, and
¢ Semi-infinite crack subjected
to internal load

tensile plastic
zone generated by
the previous load

infinite solid

ifg; >0, setg; =0, and

ifo;< —Joy, seto; = —Aoy,

for the stresses of bar elements in the hypothetical crack
region (—a* < x; < 0)

if o; > Aoy, seto; = Aoy, and

ifo;< —Zoy, seto; = —Aloy.

By substituting ¢; (j = 1,..., n) into Eq. 10, the crack
opening displacement at the minimum load, v;,(x), is
obtained. Then, the length of the bar elements in the
compressive plastic zone is replaced by

li = vimin(x:) /(1 = Loy /E"). (15)

4.3 Calculation of fatigue crack growth life based
on AKRP

The re-tensile plastic-zone generated (RPG) load is defined
as the load at which the re-tensile plastic zone initiates to
develop ahead of a crack tip [9—11]. The superposition at the
RPG load is illustrated in Fig. 9. In the present model, I;RPG
is determined as the stress intensity factor at the hypothetical
crack tip, at which the stress in the crack tip element (kth
element) reaches Aoy during the loading process. Then, the
effective stress intensity range, AKgp, is defined as

(a)

...... _a*

I\

@ Springer
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AI(RP = kmax(l - ];RPG/];max) (16)
The crack growth law based on AKgp is given by
da/dN = C(AKRp)m, (17)

where the material constants are given by
C=3.514x 107" m = 2.692 (S units),

for a typical structural steel [9].

The flowchart of the crack opening and closure simu-
lation is illustrated in Fig. 10. The crack extensional length
Ac is determined as

Ac = AN x C(AKRp)m, (18)

where AN is the incremental number of cycles. In order to
simulate fatigue crack growth under a completely random
load sequence, AN should correspond to one load cycle.
However, a larger value for AN may be employed under
constant-amplitude loading or block loading for computa-
tional efficiency. In the developed program, AN is chosen
in such a way that the loading condition does not change
within these load cycles and AN is less the certain prede-
fined value, which is equal to 200 in the present study.

Based on the concept of the plastic shrinkage [9-11], the
length of bar elements left in the wake of advancing crack
tip is determined as

1
i = 7 (Vmin(Xi) — K0;), 1
b= o7 i) — 00 (19)
_ Joa(afax)" for a(ajax)<1
K_{ 1 for ofa/ax)>1,’ (20)
c=co

c=c+ Ac, N=N+ AN LNZNo
"y
| Calculation at the maximum load|

v

|Calculation at the minimum load |

AKRp calculation

[4c= AN-C(AKrey|

|Ca1culation of residual tensile plastic zonel

] ¢ : crack length
N : number of cycles

Fig. 10 Flowchart of the crack opening and closure simulation

where J; is the amount of plastic shrinkage by assuming
the contact stress completely released, and o and n are the
material constants. The calculation parameters for the
present method and the simple method described in
the previous section are summarized in Table 1.

5 Crack growth analysis under nonconstant loading
by using crack opening and closure model

5.1 Comparisons of simulated results with experiments

In order to examine the proposed crack opening and clo-
sure model, we first present some comparisons of simulated
and experimentally measured crack propagation lives,
using the compact tension specimen illustrated in Fig. 11.
The material used is SM490A specified in the JIS standard.
The load histories applied in the tests are illustrated in
Fig. 12a—e. All tests were performed at room temperature
in atmospheric conditions and the repetition frequency was
set to at 10 Hz. The finite element model used in the
simulation is illustrated in Fig. 13, where the crack prop-
agation zone is defined in the middle of the specimen, and
the surrounding structure, which is treated as a superele-
ment, is connected on the boundary of the crack
propagation zone.

Table 1 Calculation parameters

C =3.514 x 1071, m = 2.692 (SI units)

E = 206 [GPa], v = 0.3,

oy = 352 [MPa], 4 = 1.04, « = 0.1, n = 0.1
C = 1411 x 107", m = 2.958 (SI units)
(AKerp = 2.58 [MPa m'?]

Present method

Simple method

/

L

N 48
¢=157 30.5
io. 2
A f -
B 70
> 130.5

D1

10
50 <

100

Fig. 11 Compact tension specimen
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Fig. 12 Load histories applied (a)
in the tests: a constant-
amplitude loading (R = 0.05),
b constant-amplitude loading
(R = 0.3), ¢ spike loading,

d step-down loading and

e block loading

100,000 cycles

100,000 cycles 100,000 cycles

Figures 14 and 15 illustrate the crack growth curves for
the constant-amplitude tests with stress ratio of 0.05 and
0.3, respectively. The experimental and simulated results
show very good agreement with each other, showing a
slightly higher crack growth rate at R = 0.3. Figure 16
illustrates the crack growth curves for the spike load test,
where a spike loading of 4 kN is applied when the crack
length becomes 6.5 mm during the constant-amplitude load
test with the stress ratio of 0.05. A considerable retardation
after the spike load is observed both in the experiment and
in the simulation. It should be noted that this kind of
retardation effect cannot be obtained by using the simple
crack growth model, because the history of the plastic
deformation ahead of a crack is not involved in the model.
Figure 17 illustrates the crack growth curves for the step-
down load test, where the maximum load is decreased
down to half at the crack length, 6.5 mm. As can be seen
from the experimental result, fatigue crack growth is
almost arrested after the step-down load, and it is

@ Springer

reactivated after a large number of cycles. Furthermore,
Fig. 18 illustrates the crack growth curves for the block
load test, where the stress ratio is periodically changed up
and down every 10° cycles retaining the same load range.
In this case, the crack growth rate decreases considerably
during the lower stress ratio. It has been shown that the
proposed crack growth model could simulate these com-
plicated fatigue crack growth fairly well in comparison
with the experiments.

5.2 Simulation under wave-induced loading

In order to apply the developed program to marine struc-
tures, simulations of fatigue crack propagation in a ship
structure were carried out for random sequences of water
pressure. An analysis model is illustrated in Fig. 19, where
it extends over 2 transverse frame spacing in length
direction and 1.5 bay in width direction. In order to model
the periodicity of the longitudinal stiffeners, symmetric
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g. 13 Finite element model of the compact tension specimen
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Fig. 14 Crack growth curves for the constant-amplitude load test
(R = 0.05)

conditions are prescribed along both sides of the analysis
model. Uniform lateral pressure is applied on the skin-
plate, and the lateral displacement is restrained at the
positions of the transverse girder. The longitudinal dis-
placement is also restrained at both ends.

In Fig. 20, a finite element model is illustrated, where
the crack initiation point is assumed at the intersection of
the face-plate and the end of the web-stiffener. The initial
crack is configured such that it has 40 mm width in the

30
25
= —o— experiment ’
£ 20 — calculation ] }
= maximum loag: 2.71kN
%D 15 1.4 {:fg
-
g 10 4
&) minimum load: 0.81kN
5 y
/
o _______,..»——-"“
0 2 4 6 8 10
Number of cycles[x 105]

Fig. 15 Crack growth curves for the constant-amplitude load test
(R=0.3)
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. overload:4kN

= — calculation
g 20
=
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> /7
g 10 o//fﬁ
&}

5 /‘ﬁ_mum toad-6-HN

/ *
0 e ana
0 2 4 6 8 10 12 14

Number of cycles[ 105]

Fig. 16 Crack growth curves for the spike load test
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25

— calculation

20

15 maximumljad (b): 2kN

10 /

5/27-'

0 2 4 6 8

Crack length[mm]

o toad: 0 HaN

Number of cycles[x 105]

Fig. 17 Crack growth curves for the step-down load test

face-plate and 10 mm depth in the web-plate. In the
beginning of the simulation, crack propagation domains are
defined in both parts of the face-plate and the web-plate, as
illustrated in Fig. 20. After the complete breakdown of the
face-plate, the simulation is continued by redefining a
single crack in the web-plate.

A random sequence of wave load is simulated by the
so-called storm model [12, 13]. We generated six clustered
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Fig. 18 Crack growth curves for the block load test

Boundary Conditions

at x=4400, -4400: x-symmetry + u,=0 100
at y=1500 : y-symmetry

atz=0, 1200 : z-symmetry

%Y

SN

L

)

%
@'
()

X\

AN
¥

%
;/4
7%

% ’
%’é

%

Y

)
R
R

%
W

Fig. 20 Finite element model of the stiffened panel structure

load patterns A, B, C, D, E, and F as illustrated in Fig. 21,
where we assumed that the maximum water pressure range
is 200 kPa in a 20-year ship life, and the mean water
pressure is 25 kPa. Each clustered loading sequence con-
sists of 48,000 loading cycles and the probability of
occurrence is defined in Table 2 so that the total spectrum
of the loads satisfies the long-term distribution. These
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Fig. 21 Loading patterns of the water pressure

Table 2 Probability of occurrence of the clustered loads A to F

Storm A B C D E F

Probability 42/93 25/93 12/93 7/93 6/93 1/93

43 simple method present meihod
40 - i { J,f' ,.J
T / // y
= I
= 35 T f a2
2 30 + T
&
o
25
20
2 4 6 8 10 12 14

Number of cveles| < 10°]

Fig. 22 Crack growth curves in the face-plate under wave-induced
loading

clustered loads are applied by random sequences based on
the probability of occurrence shown in Table 2.

In Fig. 22, the simulated crack growth curves in the
face-plate are illustrated, where the simulations were con-
ducted ten times in order to compare the variation of
fatigue lives with respect to the loading sequences. It is
noted that the proposed crack growth model gives a con-
siderably (from twice to three times) longer fatigue crack
propagation lives in comparison with those evaluated by
the simple model. Also, we can see that the variation of
fatigue lives due to the random loading is remarkably wider
than those calculated by the simple model. This difference
can be explained by the retardation of fatigue crack growth
after the application of high stress amplitude as exemplified
in the previous subsection.

If we examine the detailed crack propagation behavior
in the range of the first 800,000 cycles (Fig. 23), we can
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clearly observe the acceleration followed by the retardation
in the present result. This should be contrasted with that
obtained by using the simple Paris law. Figure 24 illus-
trates the variation of the effective stress intensity range
ratio obtained by the proposed crack growth model, where
the effective stress intensity range ratio, U, is defined by

U = AKgp/AK. (21)

As can be seen from Fig. 24, the effective stress intensity
range ratio considerably decreases after the application of
the high level clustered loads. These results may imply that
the conventional method for fatigue life assessment may
estimate too conservative fatigue life for a ship structure.

5.3 Investigation of fatigue crack growth under various
loading conditions

The concept of the equivalent load range is often used in
the assessment of fatigue lives of structures under variable-
amplitude loading, where the equivalent load range, AP,
is given by

present method

12 T 125
simple method

11.75 T 100
_ =
E 11.5 75 =
= 1125 50 ;
=] i

11 25
% 10,75 - | 0 5
= ]
O 105 f i T 25 =

10.25 T T T -50

10 -75

0 0.2 0.4 0.6 0.8

Number of cycles[ X 10%]

Fig. 23 The effect of high-level clustered loads on crack propagation
in the face-plate
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s 8 25 2
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% 25 =

=50
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0 0.2 0.4 0.6 0.8

Number ofcyclcs[xlof']

Fig. 24 The effect of high-level clustered loads on the effective
stress intensity range ratio in the face-plate

APy = (/3 (AP x n) /3 i (22)
where AP; is the load range, n; is the corresponding number
of cycles and m the coefficient in the Paris law. Based on
Eq. 22, we obtained an equivalent load range
AP, = 38 kPa, corresponding to the water pressure load-
ing applied in 20 years’ of storms, where we used
m = 2.692. The simulated crack growth curves in the face-
plate are illustrated in Fig. 25. It is found that the crack
growth curve calculated by the present method is almost in
accordance with the result calculated by the simple method.

Next, we examined the effect of the load sequences,
where the loading sequence of the storm model is reordered
in such a way that the load range gradually increases. The
simulated crack growth curves are illustrated in Fig. 26,
where the simple and present methods give almost the
same crack growth lives. From these results, it is found that
simple estimates may give almost the same results as the
proposed method without the retardation due to overload.

The simulated crack growth curves for various loading
conditions are compared in Fig. 27. It is found that the
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Fig. 25 Crack growth curves in the face-plate under the equivalent
load range
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Fig. 26 Crack growth curves in the face-plate under the gradually
increasing load range
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Fig. 27 Comparison of crack growth curves for each loading
condition

equivalent load range or the gradually increasing load
range give almost the same fatigue lives as those obtained
by the simple crack growth model. In order to obtain
fatigue lives of structures under random load sequences, it
may be too conservative to use the simple method with the
equivalent load range.

6 Conclusions

In the present paper, a crack opening and closure model is
presented utilizing the crack tip stress field parameters eval-
uvated by finite element analyses. In order to show an
application of the proposed program for marine structures,
simulations of fatigue crack propagation in a ship structure are
carried out under wave-induced load sequences. If we com-
pare the present results with the conventional ones, the present
method predicts the fatigue crack propagation life to be con-
siderably longer, with wider variations under random loading
conditions. In such cases, in order to obtain relatively con-
servative fatigue lives of structures, it may be possible to apply
the simple crack growth law with the use of an equivalent load
range, but the results may be too conservative. Combined with
appropriate stress monitoring and periodic inspection, the
proposed fatigue crack propagation system, which is based on
the precise simulation of crack paths and crack opening and
closure near a crack tip, may lead to a comprehensive strategy
for fatigue crack management in marine structures.
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