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HIGHLIGHTS GRAPHICAL ABSTRACT

The parameters of fatigue crack growth
rate exposed to air and seawater were
presented.

Fatigue crack growth rate were pre-
dicted using SIF, J-integral, CTOD and
CTOA.

Effect of the residual stresses on the fa-
tigue crack growth rate is investigated.
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(CTOD) and crack tip opening angle (CTOA). The residual stress of a compact tension specimen is analysed by
modelling of the welding process based on subsequently thermal mechanical stress analysis. Effect of the residual
stresses on the fatigue crack growth rate is investigated by considering the numerically predicted residual stress
distribution due to welding. The fatigue crack growth rate based on the parent material considering residual

Keywords:

Faﬁ;gue crack growth rate stress effects is compared with welds and the heat affected zone (HAZ).

Residual stress © 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
J-integral creativecommons.org/licenses/by/4.0/).

Crack tip opening displacement (CTOD)
Crack tip opening angle (CTOA)

1. Introduction

The general offshore towers for wind industry are mostly con-

structed with relatively thick tubular steel shells to prevent local buck-
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Nomenclature

a crack length

B specimen thickness

CTOD Crack tip opening displacement

CTOA Crack tip opening angle

E Young's modulus

G Griffith energy release rate

] J-integral

K stress intensity factor

AK stress intensity factor range

Kimax The maximum stress intensity factor during a fatigue
loading cycle

Kimin the minimum stress intensity factor during a fatigue
loading cycle

P applied load

W specimen width

Cx, mi  Paris law fatigue crack growth rate parameters based on
stress intensity factor

G my Paris law fatigue crack growth rate parameters based on
J-integral

Cs, mg  Paris law fatigue crack growth rate parameters based on
CTOD

Cy,my  Parislaw fatigue crack growth rate parameters based on
CTOA

v Poisson's ratio

exertion of wave and wind forces leading to fatigue and corrosion dam-
age. The fatigue crack growth rate of offshore structures needs to be
characterized in air and seawater environments in order to reliably pre-
dict the remaining fatigue life [2-4]. The fatigue phenomenon is the pro-
cess of progressive localized permanent structural change occurring in a
material under cyclic loading, studied also in [5-10]. The fatigue process
of steel structures is divided into two stages: fatigue crack initiation pe-
riod and fatigue crack propagation period.

Welding is one of the most important technologies to connect the
structure made of steel plates rolled into the cylindrical structure for
supporting the offshore wind turbines. The locally introduced heat ei-
ther in the longitudinal or in the circumferential directiondue to the
welding causes an abrupt temperature increase, followed by subse-
quent cooling to the environment temperature. This process leads to re-
sidual stress because of the restrained shrinkage of the heated zone by
surrounded cooler zone [11-14]. The residual stresses induced by
welding process have a significant impact on both fatigue crack initia-
tion and fatigue crack propagation [15]. The authors [15] investigated
the residual stress on fatigue crack initiation of butt-welded plates
made of high strength steels. The results showed that the residual stress
influence the fatigue crack initiation position and the fatigue behaviour
of butt-welded plate. The numerically defined residual stress show bet-
ter agreement with results obtained in fatigue tests than the residual
stress-free model. The effective value of the stress intensity factor may
differ significantly depending if [16] a residual stress are considered or
not. The research of residual stress effects on fatigue crack initiation
and propagation is of highly practical significance [17-19].

Current research on fatigue crack growth prediction of welded con-
nections mainly use linear elastic fracture mechanics (LEFM)-based
Paris' law fitted to fatigue tests [2-4]. In terms of fatigue crack propaga-
tion driving force of LEFM, fracture toughness [20], the stress intensity
factor K (SIF) [21] or the elastic energy release rate G [22] is the most im-
portant parameter. Griffith [23] in 1920, proposed the energy theory to
describe the fracture of brittle materials. Irwin [22] further modified the
energy theory in 1956 and employed the energy release rate G to mea-
sure the energy for crack extension increment. The stress intensity

factor K was introduced by Irwin [21] to describe the intensity of elastic
crack-tip fields, which is the fundamental parameter of the linear elastic
fracture mechanics (LEFM). In terms of fatigue crack propagation from
the fatigue experiments, Paris et al. [24] proposed a fatigue crack growth
rate equation that link the stress intensity factor range AK to sub-critical
fatigue crack growth rate doy/dN, known as “Paris' law”. Nowadays, the
Paris' law and its extensions [25-29] are widely used to predict the fa-
tigue crack growth for different engineering structures [30]. The com-
mercial software ABAQUS [31] includes, in the direct cyclic approach
module, the extended finite element method (XFEM) [32]. It predicts
the fatigue crack growth using Paris' law based on Griffith energy rate
(G) and the virtual crack closure techniques (VCCT) based on the LEFM.

However, the residual stress influences stress concentration and, in
combination with the external loading, causes yielding close to the
welding zone [14]. A plastic zone is caused by residual stress and the
crack tip blunted. The residual stresses induced by welding process in
the plastic wake lead to plasticity-induced fatigue crack closure. The re-
sidual stretch in the plastic wake causes the crack faces to close at a pos-
itive remote stress. Thus, the SIF-based Paris' law under the principal of
LEFM may not be suitable to predict the fatigue crack growth of welded
joints with plasticity considering the residual stress. In order to consider
the local plasticity introduced by the residual stress, the fatigue crack
propagation driving force needed to be considered carefully. For
elastic-plastic crack propagation, due to slow and stable micro ductile
void growth and coalescence, the fracture toughness is often described
as crack-tip opening displacement 6 (CTOD), or J-integral, or crack tip
opening angle (CTOA). Wells [33] at the British Welding Institute pro-
posed, already in 1963, proposed the CTOD in order to extend the elastic
stress intensity factor approach into situation at and beyond yielding.
The CTOD criteria defines that the crack propagation when a critical 6¢
in the structure is met or exceeded similar to SIF criteria, i.e. 6 > .
Rice [33] proposed the J-integral to characterize the intensity of
elastic-plastic crack-tip fields in 1968, which leads to the elastic-
plastic fracture mechanics (EPFM). For plasticity deformation, the J-
integral J is independent of the path integration around the crack tip

60,0

Fig. 1. Dimensions of compact tension specimen (unit: mm).
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Fig. 2. Stress-strain relationship of S355 steel used to calculate fracture toughness.

for both theoretical validation [34,35] and finite element simulation
[36]. The concept of crack tip opening angle was introduced by Ander-
son [36] to simulate the stable crack extension behaviour by finite ele-
ment (FE) method. The angle ¢ between two crack surfaces was
employed as the crack growth criterion.

The welding process is quite complicated and the grain microstruc-
tures of heat affected zone and welds changed during welding. The ex-
perimental driven strategies to investigate the fatigue crack
propagation behaviour of welded steel joints with complicated geome-
try is time consuming. This paper aims to discuss a relative simple engi-
neering approach by neglecting the phase transformation effects, and to
evaluate whether it is possible to predict the fatigue crack growth rate of
welded joints based on the parent material in the situation that fatigue
experiments are unavailable. Residual stresses of complicated geometry
welded steel structures is numerically predicted because it is very costly
to measure them. The parameters of the “Paris' law” C and m, for fatigue
crack growth rate of Q355]2 steel grade exposed to air and seawater en-
vironments were derived using experimental results [3] and finite ele-
ment simulation based on SIF, J-integral, CTOD and CTOA. The residual
stress of a compact tension specimen is analysed by modelling of the
welding process based on subsequently thermal mechanical stress

RS

analysis and kill/birth strategies. The residual stress effect on the fatigue
crack growth rate is investigated by considering the numerically pre-
dicted residual stress distribution due to welding. The fatigue crack
growth rate based on parent material is compared with the experimen-
tal fatigue crack growth rate of welds and the heat affected zone (HAZ).

2. Fatigue crack propagation based on different fracture parameters

The fracture toughness, including SIF “K”, J-integral J, CTOD “8” and
CTOA “ys” were numerically calculated using commercially available fi-
nite element software ABAQUS [31]. The geometry of the compact ten-
sion specimen is shown in Fig. 1. The detailed fatigue crack growth rate
of material exposed to air and seawater environment of a monopile
used in the offshore structures were reported in [3]. The relationships
between SIF and J-integral, SIF and CTOD, SIF and CTOA, respectively
are fitted through validated numerical simulation. The “SIF-based
Paris' law” under the principle of LEFM through fatigue tests were fur-
ther converted to J-integral based, CTOD based and CTOA based “Paris'
law” using the EPFM. The engineering stress-strain curve of the parent
material S355 used to calculate the fracture toughness is shown in Fig. 2.

2.1. SIF-based fatigue crack propagation rate

As is shown in Fig. 3, the conventional implicit finite element
method in the ABAQUS [31] are used to obtain fracture parameters in
this section based on contour integral. The Young's modulus is set as
210.0GPa and the Poisson's ratio is set to 0.3. C3D8 elements are used
in all models. For linear elastic isotropic material and the square root
singularity, the mid-side node parameter is defined as 0.25, the col-
lapsed element side is selected as “single node”. Three contours are
used in the analysis. Two reference points, namely RP1 and RP2, are
assigned to the centre of the holes in the middle of CT specimen. The ref-
erence points are connected to the compact tension specimens through
MPC constraints. Translations in X- and Z-direction, and rotations
around X- and Y-axes of RP1 are fixed, while translations in X-, Y-, Z-
direction, and rotations around X-, Y-axes of RP2 are fixed. The external
load P is applied at the RP1. The crack length varied from a = 20 mm to
a = 35 mm to analyse SIF values. The self-contact is used to consider the
crack closure with “hard” along the normal direction and “frictionless”
along the tangential direction.

O RPT Ux=Us=URx=URy=0

“2\{RP2 Ux=Uy=Us=URx=URy=0

Fig. 3. Finite element model of compact tension specimens (a = 20 mm).



4 H. Xin, M. Veljkovic / Materials and Design 193 (2020) 108732

Table 1
SIF comparisons between FE and theoretical value using LEFM with applied load P = 9kN.

Crack length Contour-3-av Contour-3-Max Contour-3-Min Theoretical value Average/Theoretical Max/Min
(mm) (N/mm'®) (N/mm'®) (N/mm'®) (N/mm!®)

a=20 590.3 616.2 547.8 579.1 1.02 1.12
a=21 620.1 647.5 575.1 610.8 1.02 113
a=22 652.6 681.8 604.9 645.1 1.01 1.13
a=23 688.4 719.3 637.8 682.5 1.01 1.13
a=24 727.6 760.5 673.9 7234 1.01 113
a=25 771.4 806.4 714.3 768.4 1.00 1.13
a=26 819.3 856.6 758.3 818.3 1.00 1.13
a=27 873.6 913.6 808.4 873.8 1.00 113
a=28 934.0 976.9 864.0 936.1 1.00 1.13
a=29 1002.8 1048.8 927.4 1006.4 1.00 1.13
a=30 1081.0 1130.8 999.4 1086.2 1.00 113
a=31 169.4 12235 1080.7 11774 1.04 1.13
a =32 12714 1330.5 11745 12824 0.99 1.13
a=33 1387.7 1452.4 1281.2 1404.2 0.99 1.13
a=34 1525.8 1597.4 1407.9 1546.5 0.99 1.13
a=35 1684.3 1764.1 1552.6 17144 0.98 1.14

The SIF results obtained from FE simulation are compared to theoret-
ical values for different crack length and a constant applied load, see
Table 1. The typical SIF distribution along the thickness direction with
a crack length a = 20 mm and a = 35 mm under the external load
P = 9kN is shown in Fig. 4. The SIFs calculated from the first contour
tend to be smaller than from other contours. The SIF difference between
the second and the third contour is rather small. The SIFs from the third
contour are used for the fatigue crack growth rate in this paper. The SIF
calculated at the mid-thickness is larger than on the sides. The ratio be-
tween maximum and minimum SIF is between 1.12 and 1.14.

650

The SIF ranges during fatigue crack growth rate tests are usually cal-
culated based on Egs. (1)-(3) [37,38]. The FE simulation is verified com-
paring the theoretical SIFs to the SIF calculated from the average third
contour integral, as shown in Table 1 and Fig. 4. The difference between
theoretical and FE SIFs is within 4%, indicating that FE model is suitable
for the fatigue crack propagation prediction.

AK = Kmax _Kmin (1 )

- - -FEA(Contour 1 av)
- - -FEA(Contour 2 av)

Stress Intensity factor
N/mm~(3/2)

- - -FEA(Contour 3 av)
——Theoretical Value
——FEA (Contour 1)
—e—FEA (Contour 2)
—e—FEA(Contour 3)

450
0 4 8 12 16
Distance (mm)
(a) a=20 mm
1800
§ - - -FEA(Contour 1 av)
E = 1700 - - -FEA(Contour 2 av)
% - - -FEA(Contour 3 av)
‘a T 1600 —Theoretical Value
g g ——FEA (Contour 1)
< E 1500 ——FEA (Contour 2)
§ ——FEA(Contour 3)
& 1400
0 4 8 12 16
Distance (mm)
(b) a=35 mm

Fig. 4. Typical SIF distribution along thickness direction (LEFM) with P = 9 kN.
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The fatigue crack growth rates of parent steel material, HAZ, and
welds in different environments are reproduced from the literature
[3], see Fig. 5 and Table 2. The fatigue crack growth rate parameters Gy

and my, of the “SIF-based Paris law” are fitted using the test results.
The fitted results are listed in Table 2. The exponent m, of welds and
HAZ is larger than my, of the parent material. The exponent m, in the sea-
water is larger than it in the air.

da

my
iy = Ck(4K)

(4)

2.2. J-integral based fatigue crack propagation rate

The same finite element models, used to calculate SIFs, are suitable
to calculate the J-integral according to LEFM and EPFM. The crack tip
singularity is material behaviour dependent. For plastic large-strain lo-
calized deformation, the crack tip is not perfectly sharp and a blunted

Table 2 notch is proposed to consider the plastic zone ahead the crack tip.
SIF based fatigue crack propagation rate parameters using LEFM. Thus, the mid-side node parameter is defined as 0.25, and the collapsed
Environment Material P(kN) Reratio G m.  R-square element side with “double node” for the combined square root and “1/r”
- - singularity.
Air Steel (S355) 9.0 0.1 1.125 x 107 3,082 0.99 ? .
HAZ 90 04 1.021 x 10-15 3678 093 The J-integrals cglculgted by FEM assuming LEFM and EPFM ap-
Welds 9.0 0.1 6.622 x 1071 3.753 0.89 proach are summarized in Tables 3 and 4 respectively. The typical J-
Seawater Steel (S355) 9.0 0.1 6.699 x 10’: 3.960 091 integrals distribution along the thickness direction with a crack length
\I-/\l/AZld g-g 8'1 g;‘;‘; x }8_21 g;‘?g g-gf a = 20 mm and a = 35 mm under the external load P = 9kN is
aa - - crex : - shown in Figs. 6 and 7, respectively. The J-integrals from the first
Table 3
J-integral (LEFM) comparisons between FE and theoretical results with P = 9 kN.
Crack length Contour-3-av Contour-3-Max Contour-3-Min Theoretical (N.mm) Average/Theoretical Max/Min
(mm) (N-mm) (N-mm) (N-mm) Plane stress Plane strain Plane stress Plane strain
a=20 1.55 1.66 1.38 1.60 145 0.97 1.07 1.20
a=21 1.71 1.84 1.52 1.78 1.62 0.96 1.06 1.21
a=22 1.89 2.04 1.68 1.98 1.80 0.95 1.05 1.21
a=23 2.11 2.27 1.87 222 2.02 0.95 1.04 1.21
a=24 2.36 2.54 2.08 249 2.26 0.95 1.04 1.22
a=25 2.65 2.86 2.34 2.81 2.56 0.94 1.04 1.22
a=26 2.99 322 2.64 3.18 2.90 0.94 1.03 1.22
a =27 3.40 3.67 3.00 3.64 331 0.93 1.03 1.22
a=28 3.89 420 343 417 3.79 0.93 1.03 1.22
a=29 449 484 3.95 482 439 0.93 1.02 1.23
a=30 5.22 5.63 4.60 5.62 5.11 0.93 1.02 1.22
a=31 6.11 6.59 5.38 6.60 6.00 0.93 1.02 1.22
a=32 7.23 7.81 6.37 7.83 7.13 0.92 1.01 1.23
a=33 8.62 9.32 7.58 9.39 8.54 0.92 1.01 1.23
a=34 10.44 11.29 9.17 11.39 10.36 0.92 1.01 1.23
a=35 12.74 13.78 11.18 13.99 12.74 0.91 1.00 1.23




6 H. Xin, M. Veljkovic / Materials and Design 193 (2020) 108732

Table 4
J-integral (EPFM) comparisons between FE and theoretical results with P = 9 kN.

Crack length Contour-3-av Contour-3-Max Contour-3-Min Theoretical (N.mm) Average/Theoretical Max/Min
(mm) (N-mm) (N-mm) (N-mm) Plane stress Plane strain Plane stress Plane strain

a=20 1.60 1.72 1.40 1.60 1.45 1.00 1.10 1.23
a=21 1.77 1.91 1.55 1.78 1.62 0.99 1.09 1.23
a=22 1.96 2.12 1.71 1.98 1.80 0.99 1.09 1.24
a=23 2.19 2.37 1.90 2.22 2.02 0.99 1.08 1.25
a=24 2.45 2.65 2.12 2.49 2.27 0.98 1.08 1.25
a=25 2.76 3.00 239 2.81 2.56 0.98 1.08 1.26
a=26 3.13 3.40 2.69 3.19 2.90 0.98 1.08 1.26
a=27 3.57 3.89 3.05 3.64 331 0.98 1.08 1.28
a=28 4,10 448 3.47 417 3.79 0.98 1.08 1.29
a=29 4.77 522 3.97 4.82 439 0.99 1.09 131
a=30 5.59 6.16 4.55 5.62 5.11 0.99 1.09 135
a=31 6.63 7.36 5.25 6.60 6.00 1.00 1.11 1.40
a=32 7.95 8.91 6.11 7.83 7.13 1.02 1.12 1.46
a=33 9.70 10.98 7.22 9.39 8.54 1.03 1.14 1.52
a=34 12.34 14.18 8.81 11.39 10.36 1.08 1.19 1.61
a=35 17.20 20.25 11.59 14.00 12.74 1.23 1.35 1.75

contour tend to be smaller than from other contours in LEFM simula-
tion. The J-integrals from the first contour is larger than from other con-
tours with a = 20 mm and is smaller than other contours with a =
35 mm EPFM simulation. The J-integral difference between the second
and the third contour is quite small. The J-integrals from the third con-
tour are used for the fatigue crack growth rate in this paper as they are
perceived as the accurate (consistent) prediction. The J-integrals at the
mid-thickness is larger than at the sides. The ratio between maximum
and minimum J-integrals is between 1.20 and 1.23 in LEFM simulation,
but the ratio between maximum and minimum J-integrals increased a
lot with the crack length increase, ranging from 1.23 to 1.75 in EPFM
simulation. The deformation comparisons between LEFM and EPFM
with crack length a = 20 mm and under external load P = 9kN is
shown in Fig. 8. The crack tip is very sharp using LEFM while the crack
shape is relatively blunt in EPFM approach.

For linear elastic materials, J.; = G, the relationship between K and J
is obtained according to Eq. (5). The comparisons between theoretical J,
and FE simulation are listed in Tables 3 and 4. The ratio between FE
(LEFM) and theoretical values (plane stress) is from 0.91 to 0.97, be-
tween FE (LEFM) and theoretical values (plane strain) is from 1.00 to
1.07. The ratio between FE (EPFM) and theoretical values (plane stress)
is from 0.98 to 1.23, between FE(EPFM) and theoretical values (plane
strain) is from 1.23 to 1.75.

K?
Ja=G="5 (5)

Where E’ = E for plane stress conditions, E’ = E/(1 — v?) for plane strain
conditions.

1.7
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Fig. 6. J-integral distribution along thickness direction with P = 9kN and a = 20 mm.
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Fig. 7. J-integral distribution along thickness direction with P = 9kN and a = 35 mm.
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Table 5
Link between J-integral and SIF fitted using experimental results published in [3].
Load Relationship
P = 09kN LEFM J = 456178 x 1078K? — 1.51708 x 10~°K + 0.0005124
EPFM J = —3.37228 x 10718 K° + 2.13081 x 107 K*—5.14159 x 10 ""K* + 1.08733 x 107"K?—3.72068 x 10~°K + 0.00822
P = 9.0kN LEFM J = 456178 x 107°K? — 1.51708 x 10~*K + 0.05124

EPFM J=2.11949 x 10" K°—1.04526 x 10~ '°K* + 2.0334 x 10" 7K>—1.88665 x 10 *K? + 0.08964K —16.23934
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Fig. 10. Fatigue crack growth rate based on J-integrals (EPFM) in different environment.

To consider the plasticity around the crack tip, the fracture toughness
SIFs could be replaced by J-integrals. The equation of J-based Paris law is
presented in Eq. (6). The relationship between J-integrals and SIFs with
different crack length are fitted, see using polynomial expression.

The fracture toughness SIFs of the parent material, HAZ, and welds in
different environment reproduced from [3] are converted to J-integrals
using the expressions listed in Table 5. The relationship between AJ and
day/dN are shown in Figs. 9 and 10. The relationship of A and doy/dN are
fitted based on Eq. (5), and the fitted parameters of the “J-based Paris

do ;)™ 6) law” are summarized in Table 6. For LEFM, the exponent of J-integral
dN ~ based Paris law is one half of the exponent of SIF based Paris law in
Table 6
Parameters of fatigue crack propagation rate based on J-integrals.
Environment Material P R-ratio G my R-square Mgz 2*my/mg
LEFM Air Steel (S355) 9.0 0.1 1434 x 107° 1.538 0.99 1.541 1.00
HAZ 9.0 0.1 4798 x 1076 1.836 0.93 1.839 1.00
Welds 9.0 0.1 4305 x 107 1.858 0.89 1.877 0.99
Seawater Steel (S355) 9.0 0.1 1.742 x 107° 1.977 0.91 1.980 1.00
HAZ 9.0 0.1 1.025 x 1077 2.213 0.92 2.217 1.00
Welds 9.0 0.1 4682 x 107 2.821 0.91 2.859 0.99
EPFM Air Steel (S355) 9.0 0.1 1.550 x 10~ 1.423 0.99 1.541 0.92
HAZ 9.0 0.1 5238 x 10°° 1.690 0.92 1.839 0.92
Welds 9.0 0.1 5.314 x 106 1.729 0.87 1.877 0.92
Seawater Steel (S355) 9.0 0.1 1.831 x 1077 1.857 0.91 1.980 0.94
HAZ 9.0 0.1 1.146 x 107 2.045 0.94 2217 0.92
Welds 9.0 0.1 6.146 x 106 2.676 0.92 2.859 0.94
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Fig. 11. Definition of CTOD for CT specimen.

terms of same material and environment. However, for EPFM, the expo-
nent of J-integral based Paris law is less than one half of the exponent of
SIF based Paris law in terms of same material and environment.

2.3. CTOD based fatigue crack propagation rate

The same finite element models used to calculate SIFs, see Fig. 2, are
employed to calculate the CTOD according to LEFM and EPFM respec-
tively. The crack opening displacement 85 [39] which denotes relative
displacement of the crack surfaces normal to the original undeformed
crack plane over a gage length 5 mm, is used to capture the CTOD, see
Fig. 11. The CTOD from FE simulation under according the principal of
LEFM and EPFM are summarized in Table 7. The relationship between

CTOD and SIF with different crack length is fitted using polynomial ex-
pression, and the results are listed in Table 8.

To consider the plasticity around the crack tip, the fracture tough-
ness SIFs could be converted to CTOD. The equation of “CTOD-based
Paris law” is shown by Eq. (7). The fracture toughness SIF of the
pararent material, HAZ, and welds in different environments are
taken from [3] and linked to CTOD derived parameters using the ex-
pressions listed in Table 8. The relationship between Ad and da/dN
are shown in Figs. 12 and 13. The relationship of A and day/dN are
fitted based on Eq. (7), and the fitted parameters of CTOD-based
Paris law is summarized in Table 9. For LEFM, the exponent m of
CTOD-based and SIF-based Paris law is almost identical for the
same material and environment. However, the exponent m of
CTOD-based Paris law (EPFM)is smaller than SIF-based value for
the same material and environment.

da

an = Colao)™ (7)

24. CTOA based fatigue crack propagation rate

The same finite element models used to calculate SIFs, see Fig. 2, are
used to calculate the CTOA according to LEFM and EPFM respectively. As
is shown in Fig. 14, the crack tip opening angle is defined as the average
angle of the two crack surfaces measured at a point 1 mm behind the
crack tip [40,41]. The CTOA from FE simulation assuming LEFM and
EPFM are summarized in Table 7. The relationship between CTOAs
and SIFs are summarized in Table 10.

To consider the plasticity around the crack tip, the fracture tough-
ness SIFs could also be converted to CTOA. The equation of “CTOA-
based Paris law”” is shown by Eq. (8). The fracture toughness SIF of
the parent material, HAZ, and welds in different environment taken
from [3] are linked to CTOA using the expressions listed in Table 10.
The relationship between Ay and doy/dN are shown in Figs. 15 and 16.

Table 7

Crack tip opening displacement and crack tip opening angle at P = 9.0 kN.
Crack length LEFM (elastic part) EPFM Plastic part
(mm) CTOD (6) CTOA(S) CTOD (5) CTOA(S) CTOD () CTOA(5)

(x107> mm) (Degrees) (x107> mm) (Degrees) (x1073 mm) (Degrees)

a=20 49503 0.4307 5.9357 0.5117 0.9854 0.081
a=21 5.1889 0.4511 6.2611 0.5414 1.0722 0.0903
a=22 5.4510 0.4744 6.6204 0.5730 1.1694 0.0986
a=23 5.7453 0.4993 7.0238 0.6088 1.2785 0.1095
a=24 6.0711 0.5290 7.4723 0.6468 1.4012 0.1178
a=25 6.4348 0.5613 7.9742 0.6898 1.5394 0.1285
a=26 6.8301 0.5943 8.5370 0.7391 1.7069 0.1448
a =27 7.2903 0.6343 9.2177 0.7967 1.9274 0.1624
a=28 7.7926 0.6801 10.0190 0.8643 2.2264 0.1842
a=29 8.3838 0.7306 11.0322 0.9479 2.6484 0.2173
a=30 9.0254 0.7883 12.2926 1.0507 3.2672 0.2624
a =31 9.7697 0.8534 13.9064 1.1785 4.1367 0.3251
a=32 10.6197 0.9287 15.9365 1.3388 5.3168 0.4101
a=33 11.5908 1.0139 18.5810 1.5435 6.9902 0.5296
a=34 12.7305 1.1173 22.5439 1.8507 9.8134 0.7334
a=235 14.0296 1.2350 29.2597 2.4023 15.2301 1.1673

Table 8

Link between CTOD and SIF fitted using experimental results published in [3].
Load Relationship
P = 09 kN LEFM & = 833076 x 107 7K + 1.75204 x 10~°

EPFM 6 = 9.85854 x 107K — 1.68313 x 107>
P = 9.0 kN LEFM 6 = — 3.10808 x 10~ "'K? + 8.39901 x 10~ °K — 1.62376 x 10~°
EPFM 6=2.84971 x 10717 K°—1.46997 x 101> K* + 3.02335 x 107 1°k>—3.00138 x 1077K? + 1.54223 x 10 K —0.02692
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Fig. 13. Fatigue crack growth rate base

The relationship of Ays and doy/dN are fitted based on Eq. (8), and fitted
parameters of “CTOA-based Paris law” are summarized in Table 11. In-
terestingly, the exponent m of CTOD-based and CTOA-based Paris law
is almost identical for the same materials and environments.

d on CTOD (EPFM) in different environment.

3. Residual stress simulation

3.1. Material properties and welding procedures

Modelling of the welding procedure is carried out using commer-
cially available FEA software, ABAQUS [31]. A sequentially coupled

do Co ()™ ®) thermo-mechanical analysis is performed, where the temperature
dNn "~ field was introduced as a predefined field in the mechanical analysis.
Table 9
Parameters of fatigue crack propagation rate based on CTOD.
Environment Material P (kN) R-ratio Cs m; R-square MMy
LEFM Air Steel (S355) 9.0 0.1 335.5058 3.064 0.99 0.99
HAZ 9.0 0.1 2992.2646 3.656 0.93 0.99
Welds 9.0 0.1 4636.6039 3.731 0.88 0.99
Seawater Steel (S355) 9.0 0.1 51,380.6980 3.937 0.91 0.99
HAZ 9.0 0.1 409,732.1098 4.407 0.92 0.99
Welds 9.0 0.1 268,472,619.30 5.684 091 0.99
EPFM Air Steel (S355) 9.0 0.1 8.0705 2433 0.99 0.79
HAZ 9.0 0.1 55.8342 2.998 0.93 0.82
Welds 9.0 0.1 97.6113 3.102 0.88 0.83
Seawater Steel (S355) 9.0 0.1 1152.1261 3.329 0.91 0.84
HAZ 9.0 0.1 3016.4769 3.594 0.92 0.81
Welds 9.0 0.1 1,377,843.843 4.848 091 0.85
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Crack tip

1}

(a) LEFM (b)EPFM
Fig. 14. Definition of CTOA for CT specimen [40].
Table 10
Link between CTOA and SIF fitted using experimental results published in [3].
Load Relationship
P =09 kN LEFM Y= — 2.12541 x 107123 — 4.46496 x 107°K*> + 5.99787 x 107°K + 0.00496
EPEM ¥ = 253981 x 107123 — 236807 x 10~%K? + 8.605 x 107°K + 1.68894 x 10~
P =9.0kN LEFM ¢ = 1.05843 x 107 3K? + 7.12846 x 10~*K + 0.0047
EPFM ¥ = 2.86819 x 10719 K°—1.4712 x 107 "'K* +2.99201 x 10~8K>—2.94958 x 10~°K? + 0.01501K—2.6467
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Fig. 15. Fatigue crack growth rate based on CTOA (LEFM) in different environment.
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Fig. 16. Fatigue crack growth rate based on CTOA (EPFM) in different environment.
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Table 11
Parameters of fatigue crack propagation rate based on CTOA.
Environment Material P R-ratio Cy my, R-square my,/M;
LEFM Air Steel (S355) 9.0 0.1 3.926 x 1074 3.043 0.92 0.99
HAZ 9.0 0.1 2499 x 107* 3.634 0.93 0.99
Welds 9.0 0.1 2775 x 107 3.709 0.88 0.99
Seawater Steel (S355) 9.0 0.1 1.229 x 1073 3914 0.91 0.99
HAZ 9.0 0.1 1.201 x 1073 4.380 0.92 0.99
Welds 9.0 0.1 2671 x 1073 5.652 0.91 0.99
EPFM Air Steel (5355) 9.0 0.1 1.618 x 1074 2.465 0.99 1.01
HAZ 9.0 0.1 8.865 x 107° 3.003 0.93 1.00
Welds 9.0 0.1 9.705 x 107> 3.096 0.88 1.00
Seawater Steel (S355) 9.0 0.1 4174 x 1074 3.326 0.91 1.00
HAZ 9.0 0.1 3421 x 1074 3.612 0.93 1.01
Welds 9.0 0.1 5.671 x 1074 4.827 0.91 1.00
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Fig. 17. Predicted temperature distribution during the welding process (Unit: °C).
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Fig. 18. Temperature-dependent stress-strain relationship of S355 Steel. Fig. 19. Thermal and mechanical properties of steel S355 versus temperature.
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Fig. 17 shows the temperature state for the assumed welding process, The stress-strain relationship of steel S355 used in FEA is shown in
including the initial status, from the first pass to the eighth pass, and Fig. 18. This diagram is based on material tests on elevated temperature
at the final state, cooled to the room temperature. The assumed thick- reported in [42]. Additional thermal properties used in the FEA are
ness of welds is 4mm. shown in Fig. 19 according to EN 1993-1-2 [43]. The annealing
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Fig. 20. Residual stress distribution along the transverse direction. Fig. 21. Residual stress distribution along the loading direction.
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Table 12

Residual stress effects on J-integrals based on LEFM.
Crack length Contour-3-av Contour-3-Max Contour-3-Min Max/Min Alres/ A
(mm) (N/mm) (N/mm) (N/mm)

P =9 kN P = 0.9 kN P =9 kN P =09 kN P =9 kN P = 0.9 kN P =9 kN P = 0.9 kN

a=20 1.50 0.10 246 0.67 0.23 —0.18 10.70 —3.72 1.00
a=21 243 0.30 4.21 1.04 0.25 —0.29 16.84 —3.59 1.38
a=22 2.56 0.35 448 1.04 041 —0.26 10.93 —4.00 1.30
a=23 2.57 0.29 4.51 0.87 0.72 —0.26 6.26 —3.35 1.20
a=24 2.77 0.29 4.67 0.80 0.79 —0.08 5.91 —10.00 117
a=25 3.09 0.26 4.86 0.73 1.00 —0.20 4.86 —3.65 1.19
a=26 3.44 0.23 5.15 0.63 1.29 —0.13 3.99 —4.85 1.19
a=27 3.63 0.19 5.59 0.53 1.53 —0.06 3.65 —8.83 1.12
a=28 3.83 0.15 6.00 047 1.86 —0.19 3.23 —247 1.05
a=29 4.28 0.13 6.51 0.38 220 —0.10 2.96 —3.80 1.03
a=30 4.98 0.11 7.09 0.30 2.62 —0.12 2.71 —2.50 1.04
a =31 5.84 0.11 8.07 0.31 3.20 —0.06 2.52 —5.17 1.04
a=32 6.76 0.13 9.43 033 3.95 —0.01 239 —33.00 1.02
a=33 7.82 0.11 10.90 0.25 499 —0.07 2.18 —3.57 0.99
a=34 9.44 0.12 12.78 0.24 6.21 —0.07 2.06 —343 0.99
a=35 13.25 0.14 16.23 0.32 8.88 —0.11 1.83 —291 1.14

Table 13

Link between J-integrals and SIFs including the influence of residual stresses.
Load Relationship
P =09 kN J =1.48934 x 1072 K> —8.77761 x 107'K* +2.01592 x 107*K*>—2.246 x 1072K? + 1.207K—24.69793
P =90kN J=7.83522 x 10" K°—4.33489 x 107 1°K* 4 9.39064 x 107 7K>—9.89377 x 10~*K? + 0.51121K—101.44954

temperature is assumed 1000 °C meaning that the plastic strains are
zero when the temperature is above it, to consider the phase transition
effect. The low end of the temperature range and the high end of the
temperature range within which the phase change occurs is assumed
as 1450 °C and 1500 °C respectively. The latent heat is assumed to be
247 ]/g for consideration of released and absorbed thermal energy dur-
ing the first-order phase transition.

The welding torch is modelled with a heat boundary 1500 °C be-
tween the current welding fusion zone and the neighboring zone. The
current fusion elements are activated with a prescribed temperature
of 1500 °C in the whole model after the welding torch passed the cur-
rent fusion zone simulated by the steady heat transfer with defined
pass time. Convection and radiation are considered by applying the sur-
face film contact with a coefficient 15 W/(m?K) and surface radiation
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contact with the emissivity 0.9. The top and bottom surface is fixed in
the mechanical model.

3.2. Residual stress

Fig. 20 shows the ratio of residual stress distribution in the x-
direction, coordinate axes are shown in Fig. 3. The residual stress com-
ponent S11 along the x-direction is in compression from Omm to
20mm and in tension from 20mm to 40mm. The residual stress compo-
nent S22 along the x-direction is in tension, mostly beyond the yielding
stress. The residual stress component S33 is relatively very small except
local stresses close to the notch. Fig. 21 presented residual stress distri-
bution along the loading direction. The residual stress component S11 in
the central part (from 5 mm to 55 mm length) is relatively smaller than
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Fig. 22. J-integral (LEFM) based fatigue crack growth rate comparisons in different environment.
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Table 14
Residual stress effects on J-integrals based on EPFM.
Crack length Contour-3-av Contour-3-Max Contour-3-Min Max/Min
(mm) (N/mm) (N/mm) (N/mm)
P =9kN P =09 kN P=9kN P = 09 kN P=9kN P =09 kN P=9kN P =09 kN

a=20 3.15 0 (—0.0787) 5.07 0.5120 0.59 —0.4950 8.59 —1.03
a=21 357 0.0580 6.14 0.5450 1.06 —0.3630 5.79 —1.50
a=22 3.68 0.0959 6.22 0.3679 1.36 —0.3189 4.57 —1.15
a=23 3.58 0.0334 5.77 0.3332 1.40 —0.2973 4.12 —1.12
a=24 3.73 0.0021 5.63 0.4424 1.33 —0.3015 423 —1.47
a=25 4.09 0(—0.0237) 5.87 0.4426 1.52 —0.4110 3.86 —1.08
a=26 4.53 0(—0.0007) 6.70 0.3427 1.84 —0.4533 3.64 —0.76
a=27 4.79 0(—0.0052) 7.58 0.2881 224 —0.5107 3.38 —0.56
a=28 513 0(—0.0605) 7.90 0.2002 2.51 —0.6002 3.15 —0.33
a=29 5.81 0(—0.1130) 8.43 0.2983 2.79 —0.5055 3.02 —0.59
a=30 6.97 0(—0.1092) 9.44 0.3783 3.42 —0.5937 2.76 —0.64
a =31 8.56 0(—0.0110) 11.71 0.4467 4.58 —0.5429 2.56 —0.82
a=32 10.46 0(—0.0402) 14.53 0.4509 6.40 —0.6610 227 —0.68
a=233 13.04 0(—0.0936) 17.58 0.3657 8.09 —0.7124 217 —0.51
a=34 17.81 0(—0.1104) 23.04 0.3732 10.91 —0.6754 2.11 —0.55
a=235 26.84 0(—0.0815) 34.52 0.5120 15.38 —0.4950 2.24 —1.03

at the outer part (from 0 mm to 5 mm and from 55 mm to 60 mm). The
residual stress components S22 of the “Path 4” and “Path 6” are oppo-
site, and the residual stress component S22 of Path 5 is mostly beyond
the yielding stress. The residual stress component S33 is relatively
very small except for local stress close to the ends, near the notch and

at the far-away ends.

4. Residual stress effects on fatigue crack propagation rate

The residual stresses components obtained from FEA by modelling
welding process in Section 3 are introduced into the fracture

8
Distance (mm)

parameters FE models with different crack lengths using mesh-to-
mesh solution mapping [31], because the mesh size of welding model
in Section 3 is different from the model to obtain the fracture
parameters.

4.1. LEFM-based fatigue crack propagation rate

Finite element models, as shown in Fig. 2, are also used to calculate J-
integrals (LEFM) by importing the residual stress as the predefined
stresses. The J-integrals (LEFM) based on FE simulation considering re-
sidual stress effects is summarized in Table 12. The relationship using
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Fig. 23. J-integral distribution along thickness direction after considering residual stress.
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Table 15
List of expressions between J-integrals and SIFs after considering residual stress.
Load Relationship
P =09 kN K>77.14

P = 9.0 kN

J = 1.49443 x 1074 K> —0.0312K? + 2.15849K —49.43234
J = 6.04443 x 10 K°—3.15731 x 107 1°K* + 6.5324 x 10~ 'K> —6.52137 x 10~ *K?* + 0.31729K—57.1885

K<77.14] =0

polynomial expression between J-integrals (LEFM) and SIF with differ-
ent crack length is listed in Table 13. The fracture toughness SIFs of
steel in different environment reproduced from [3] are converted to J-
integrals (LEFM) using the expressions listed in Table 13. As shown in
Fig. 22, fatigue crack propagation rate based on parent material consid-
ering the residual stress is compared to weld material and HAZ in terms
of J-integrals (LEFM). The predicted fatigue crack propagation rate
combing the parent materials with residual stress does not agree well
with properties of welds and HAZ based on J-integrals (LEFM).

4.2. EPFM based fatigue crack propagation rate

The J-integrals (EPFM) based on FE simulation considering residual
stress effects is shown in Table 14. The J-integral distribution in the
thickness direction including effect of residual stresses is shown in
Fig. 23. The J-integral distribution is not symmetric after the residual
stresses are introduced. The ratio between maximum and minimum J-
integral increased compared to the residual stress-free situation. The re-
lationship using polynomial expression between J-integrals (EPFM) and
SIF with different crack length is listed in Table 15. As shown in Fig. 24,
the fatigue crack propagation rate based on the parent material consid-
ering the residual stress is compared with test results of welds and HAZ
of J-integrals according to EPFM. The predicted fatigue crack propaga-
tion rate assuming the parent material with residual stress agreed
well with experimental results of welds and HAZ in air, but there is a rel-
atively larger difference in seawater environment in terms of J-integrals
(EPFM).

4.3. CTOD-based fatigue crack propagation rate

The CTOD (EPEM) values obtained by FE simulation considering re-
sidual stress effects is summarized in Table 16. The relationship using
polynomial expression between CTOD (EPFM) and SIFs with different
crack length is shown in Table 17. As shown in Fig. 25, fatigue crack
propagation rate assuming the parent material and considering the re-
sidual stress is compared to weld material and HAZ in terms of CTOD
(EPFM). The predicted fatigue crack propagation rate combing the
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Table 16
Crack tip opening displacement and crack tip opening angle including the influence of re-
sidual stresses.

Crack length CTOD () CTOA(d)
(mm) (x1073 mm) (degrees)
P =9 kN P = 0.9 kN P =9kN P = 0.9 kN

a=20 6.14 0.57 0.57 0.045
a=21 6.74 0.60 0.58 0.047
a=22 7.02 0.64 0.61 0.050
a=23 7.29 0.63 0.64 0.052
a=24 7.59 0.58 0.67 0.051
a=25 7.81 0.72 0.70 0.052
a=26 7.93 0.78 0.72 0.057
a=27 8.47 0.81 0.77 0.059
a=28 9.58 0.87 0.86 0.060
a=29 10.98 0.83 0.95 0.058
a =30 12.48 0.96 1.08 0.065

parent materials with residual stress agreed well with experimental re-
sults of welds and HAZ in terms of CTOD (EPFM).

4.4. CTOA-based fatigue crack propagation rate

The CTOA (EPFM) values obtained by FE simulation considering re-
sidual stress effects are summarized in Table 16. The relationship
using polynomial expression between CTOA (EPFM) and SIFs with dif-
ferent crack length is listed in Table 18. As shown in Fig. 26, fatigue
crack propagation rate assuming the parent material and considering
the residual stress is compared with test results of welds and HAZ in
terms of CTOA (EPFM). The predicted fatigue crack propagation rate
combing the parent materials with residual stress agreed well with ex-
perimental results of welds and HAZ in terms of CTOA (EPFM).

4.5. Discussions

Table 19 provides the fatigue crack growth rate parameters
compearing different environment. Compared with the parent steel,
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Fig. 24. J-integral based fatigue crack growth rate comparisons in different environment.
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Table 17
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Links between CTOD and SIFs including the influence of residual stresses.

Load Relationship
P = 09 kN 5= 241643 x 10713 K°>—1.40688 x 107 1°K* + 3.14855 x 10~5K>—3.34936 x 10 °K? + 1.76825 x 10 *K—0.00314
P=90kN 5 =7.20855 x 10717 K> —3.67323 x 107 *K* + 7.35676 x 107 '°k> —7.07481 x 10~ 7K? + 3.33711 x 10"*K—0.05597
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Fig. 25. CTOD-based fatigue crack growth rate comparisons in different environment.

the exponent of fatigue crack growth rate m of the parent material in-
cluding the residual stress is generally increased based on J-integrals
(LEFM), J-integrals (EPFM), CTOD (EPFM) and CTOA (EPFM) models.
This trend agrees well with experimental results [3]. The exponent of fa-
tigue crack growth rate based on LEFM calculation tends to be smaller
than obtained in experiments results [3]. The exponent of fatigue

crack growth rate based on EPFM tends to be closer to experimental re-
sults [3]. The fatigue crack growth rate parameters based on the parent
material, including the residual stress, could be used as a surrogate
method in the prediction models using CTOD- and CTOA- based Paris
law (EPFM) in case that fatigue experiments are unavailable due to
cost and time limitation, as shown in Figs. 25 and 26.

Table 18

List of expressions between CTOA and SIFs after considering residual stress.
Load Relationship
P =09kN ¥ = 2.49568 x 10711 K°—1.50729 x 1078K* 4 3.53792 x 107°K> —4.01524 x 10~*K? + 0.02231K—0.43615
P = 9.0 kN

¥ =3.47618 x 1019 K> —1.68408 x 10~ "'K* + 3.26409 x 10~*K>—3.03197 x 107°K? + 0.01409K—2.10158
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Fig. 26. CTOA-based fatigue crack growth rate comparisons in different environment.
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Table 19
Summary of fatigue crack growth rate parameters in different environments.

Items Experimental results ~ FEA assuming on the
[3] parent material with
(without) residual stress

C m C m

Air J(LEFM) HAZ 4798 x 107¢ 1.836 1914 x 10~° 135
Welds 4.305 x 1076 1.858 (1.434 x 1075)  (1.538)
J(EPFM) HAZ 5238 x 107® 1.690 3.535 x 10™°  1.897

Welds 5314 x 107 1.729 (1.804 x 1075)  (1.541)
CTOD HAZ  55.8342 2.998 19.9756 2,636
(EPFM)  Welds 97.6113 3.102 (8.0705) (2.433)
CTOA HAZ 8.865x 1075 3.003 14839 x 10°%  2.744
(EPFM)  Welds 9.705 x 1075 3.006 (1.6180 x 107%) (2.465)

Seawater J(LEFM) HAZ  1.025 x 107° 2213 3.181 x 107° 2.057
Welds 4.682 x 107 2.821 (1.742 x 107°)  (1.977)

J(EPEM) HAZ  1.146 x 10> 2.045 1.0595 x 10~¢  3.263

Welds 6.146 x 1076 2,676 (1.831 x 107°)  (1.980)
CTOD HAZ 30164769  3.594 30,067.7 4018
(EPFM)  Welds 1,377,843.843 4.848 (1152.1261) (3.329)

CTOA HAZ 3421 x 107% 3612 47918 x 107*  4.154
(EPFM)  Welds 5.671 x 107% 4.827 (4.174 x 107%)  (3.326)

Note: the value in the bracket is for steel without considering residual stress.

5. Conclusions

The parameters of corrosion fatigue crack growth rate for Q355]J2
steel are calculated using “Paris' law” fatigue parameters, m and C, eval-
uated using stress intensity factor (SIF), J-integral, crack tip opening dis-
placement (CTOD) and crack tip opening angle (CTOA) approach. The
residual stresses effect on the corrosion fatigue crack growth rate is in-
vestigated by considering the numerically predicted residual stress dis-
tribution due to welding process. The corrosion fatigue crack growth
rate assuming the parent material and considering residual stress is
compared to the rates obtained for the weld material and heat affected
zone (HAZ) material. The following conclusion are obtained:

(1) For LEFM, the exponent m of the “J-integral based Paris law” is al-
most one half of the exponent m of the “SIF based Paris law” pa-
rameters for the same materials and environments. However, for
EPFM, the exponent m of “J-integral based Paris law” is less than
one half of the exponent of “SIF based Paris law” for the same ma-
terial and environment.

For LEFM, the exponent m of “CTOD-based” and “SIF-based Paris
law” is almost identical to the same material and environment.
However, the exponent m of “CTOD-based Paris law” (EPFM) is
smaller than “SIF-based” m for the same materials and environ-
ments. The exponent m of “CTOD-based” and “CTOA-based
Paris law” is almost identical for the same materials and environ-
ments.

(3) The predicted fatigue crack propagation rate based on the parent
materials with residual stress did not agree well with values ob-
tained from experiments on welds and HAZ when J-integrals
(LEFM) is used. The predicted fatigue crack propagation rate
based on the parent material with residual stress agrees well
with experimental results of welds and HAZ in air, but has a rel-
atively larger difference in seawater environment based on J-
integrals (EPFM). When unloading occurs in an elastic-plastic
material, the ] integral with the assumption of nonlinear elastic
material to characterize fatigue crack growth rate needed to be
further investigated.

The predicted fatigue crack propagation rate assuming the parent
materials with residual stress agreed well with experimental re-
sults of welds and HAZ when CTOD and CTOA (EPFM) approach
is used. The fatigue crack growth rate parameters based on the
parent material including the residual stress could be used as a
surrogate method in the prediction models using CTOD- and

—
\]
—

=

CTOA- based Paris law (EPFM) in case that fatigue experiments

are unavailable due to cost and time limitation.
(5) The exponent m of the fatigue crack growth rate of parent mate-
rial including residual stress generally is larger when J-integrals
(LEFM), J-integrals (EPFM), CTOD (EPFM) and CTOA (EPFM) ap-
proaches are used. This trend is consistent with experimental re-
sults in the literature. The exponent m of fatigue crack growth
rate based on LEFM calculation tends to be smaller than obtained
from experiments results. The exponent m of fatigue crack
growth rate based on EPFM tends to be closer to the experimen-
tal results. This indicates possibility to predict the fatigue crack
growth rate parameters based on the parent material and resid-
ual stress in case that fatigue experiments are unavailable due
to cost and time limitation.
To effectively evaluate the fatigue crack growth rate of compli-
cated geometry welded steel structures, the surrogate method
based only on parent material introducing residual stress, the re-
sidual stress effects on the threshold (Stage I and Stage III of Paris
law) of fatigue crack propagation needs to be studied further.

—
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