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a b s t r a c t

This work mainly focuses on determination of the fully plastic J-integral solutions for welded center
cracked plates subjected to remote tension loading. Detailed three-dimensional elasticeplastic Finite
Element Analyses (FEA) were implemented to compute the fully plastic J-integral along the crack front
for a wide range of crack geometries, material properties and weld strength mismatch ratios for 900
cases. According to the database generated from FEA, Back-propagation Neural Network (BPNN) model
was proposed to predict the values and distributions of fully plastic J-integral along crack front based on
the variables used in FEA. The determination coefficient R2 is greater than 0.99, indicating the robustness
and goodness of fit of the developed BPNN model. The network model can accurately and efficiently
predict the elastic-plastic J-integral for weld centerline crack, which can be used to perform fracture
analyses and safety assessment for welded center cracked plates with varying strength mismatch con-
ditions under uniaxial loading.

© 2020 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Surface cracks are among common defects for welded structures
made of ductile metals and have been recognized as a major cause
of potential failures. Based on Elastic-plastic Fracture Mechanics
(EPFM), structural integrity assessments for welded structures with
surface cracks are of significant practical importance owing to
existing failures in many engineering applications caused by sub-
stantial plastic deformation. The estimation of crack driving force is
usually required for failure analyses. The J-integral has been
frequently used as a fracture parameter for nonlinear materials in
the current EPFM methodology. The EPRI (Electric Power Research
Institute) scheme developed by Kumar, German and Shih (Kumar
et al., 1981) is widely applied to evaluate the J-integral, which can
be suitable for both elastic-plastic condition and fully plastic con-
dition. In thismethod, the total J is obtained by adding up the elastic
and fully plastic parts, which need to be calculated separately by
use of Finite Element Method (FEM).

Weld geometries are generally in several different

configurations, including V(U)-notches, double V(U)-notches and
rectangular welds. Weld geometries are often simplified as a rect-
angular strip in most research (Boothman et al., 1999;
Schwalbeet al.Schwalbe et al., 1997; Souza and Ruggieri, 2015; Kim
et al., 2003; Donato et al., 2009; Savioli and Ruggieri, 2013; KirkRH
Dodds, 1993; Beteg�on and Pe~nuelas, 2006; Kumar et al., 2014). In
most welded joints, the weld metal usually has a mismatch in
material properties from the base plate. Evaluation for the integrity
of cracked welded joints traditionally sticks to the hypothesis that
the whole weldment is made of a homogeneous material with the
lowest yield stress among those of the base plate, weld and Heat
Affected Zone (HAZ). Crack driving forces are calculated based on
standard formulae derived for homogeneous models (made of a
single homogeneous material). This generally yields safe results
and it can be sometimes over-conservative. Research has been
implemented to demonstrate the significant influences of weld
strength mismatch on macroscopic mechanical behavior and frac-
ture behavior, which cover load-displacement response and the
relationship between J-integral and the crack-tip stress fields
(Schwalbeet al.Schwalbe et al., 1997; Souza and Ruggieri, 2015; Kim
et al., 2003; Donato et al., 2009; Savioli and Ruggieri, 2013). The
weldment is generally idealized as a simple rectangular strip con-
sisting of base plate with yield stress s0b , and weld material with
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yield stress s0w. The effect of the Heat Affected Zone (HAZ) is
ignored and the crack is generally considered at weld centerline
(Souza and Ruggieri, 2015; KirkRH Dodds, 1993; Beteg�on and
Pe~nuelas, 2006; Kumar et al., 2014). The degree of strength
mismatch is defined as M¼ s0w=s0b with M< 1 representing
strength undermatch, M> 1 representing strength overmatch and
M¼ 1 representing strength evenmatch.

Research efforts on characterization of the effects of weld
strength mismatch mainly focus on two aspects: (1) assessment for
common fracture testing specimens based on limit load solutions
considering the effects of strength mismatch and (2) incorporation
of the effects of strength mismatch on crack-tip driving forces
measured using conventional welded fracture specimens. The
majority of previous research work on elasticeplastic fracture
involving the issue of weld strength mismatch primarily considers
two-dimensional (2D) Mode-I crack problems in testing specimens
subjected to uniaxial loading (CCT, CT, SENT and SENB specimens)
(Souza and Ruggieri, 2015; Kim et al., 2003; Donato et al., 2009;
Savioli and Ruggieri, 2013). Current achievements of cracked plates
on basis of 2D analyses may not be adequate and accurate enough
to serve for the engineering design due to the fact that the plate is
actually partially penetrated and the crack has three-dimensional
(3D) nature. Therefore, many researchers have carried out 3D
fracture analyses to characterize its behavior more precisely. Most
of available elasticeplastic analyses for 3D surface crack are based
on a plate made of homogeneous material (namely homogeneous
plate) under both uniaxial and biaxial loading, though. These
include the earlier studies of Yagawa et al. (1993), Lee et al. (1999),
Lei, 2004a, 2004b, 2004c, Wang (2006), among others. In recent
work, Fu et al. (GY Fu and Li, 2017a) obtained the J-integral solu-
tions for mixed I-II fracture with inclined surface cracks in plates
under biaxial tension loading via 3D Finite Element Analysis (FEA).

Limited research has taken account of the effects of strength
mismatch on 3D semi-elliptical surface crack located at weld
centerline and its complete set of fully plastic J-integral solutions
are very scarce. Boothman et al. (1999) conducted 3D FEA of
shallow semi-elliptical surface cracks (a/T� 0.15) located at the
center of rectangular weld and investigated the effects of different
mismatch levels and weld width on J-integrals and Q-values only at
the deepest point of the crack. Zhao et al. (2018) developed a
reference strain J-estimation formulation based on EPRI J-estima-
tion procedure to assess fracture behavior of mismatched girth
welds in misaligned clad pipes with an interface crack. The effects
of various geometric and material parameters on the J-integral
were analyzed through parametric finite element modelling.
Therefore, extensive parametric FEA are required to obtain the fully
plastic J-integral solutions for weld centerline crack with wide
range of crack geometries and mismatch degrees.

In recent decades, Artificial Neural Network (ANN) has become a
powerful and versatile tool to handle different kinds of engineering
problems in practical applications, such as civil and structural en-
gineering (Cao Panet al., 2015), control and power systems (Hong
et al., 1999), and mechanical fatigue (Genel, 2004). ANN has been
successfully used in exploitation of nonlinear prediction models
with many variables. ANN has its unique superiority that the
mathematical interacting relationships between variables need not
to be specified and it can identify complex nonlinear relations be-
tween output and input data. Recently, ANN has also achieved
success in fracture mechanics domain to predict fatigue life (Genel,
2004; Bucar et al., 2006; Pujol and Pinto, 2011; Mu~noz-Abella et al.,
2015), fracture parameters and fracture toughness of metals and
composite. B. Mu~noz-Abella et al. (2015) estimate the Stress In-
tensity Factor (SIF) at the crack front in an unbalanced shaft under
rotating bending by combining the finite element method and an

artificial neural network. Ling et al. (Ling Luoet al., 2017) predicted
J-integral of Top-down cracking in asphalt pavement using nu-
merical modelling and artificial neural network (Ince, 2004). used
ANN to predict critical SIF and crack-tip opening displacement of
concrete specimen. Based on the experimental data from uniaxial
and biaxial tests on beams and plates with straight and surface
cracks (Seibi and Al-Alawi, 1997), showed and proved that ANN can
be used to predict fracture toughness of aluminum alloy with high
accuracy under different conditions.

In addition, the aforementioned reported fully plastic J solutions
for 3D surface crack are almost presented in the form of many ta-
bles, which cannot be conveniently used in engineering applica-
tion. Although these data tables can be used to predict elastic-
plastic J-integral, the process is not efficient and still time-
consuming, and additional interpolation calculations are needed.
Prediction of fracture parameters is still one of main issues in
fracture mechanics domain due to the fact that experimental tests
and numerical computations are usually complex and time-
consuming. To the best of authors’ knowledge, few literatures
related to prediction of fully plastic J solutions for weld centerline
cracks using ANN technique has been available so far. As elastic-
plastic J-integral plays a very important role in assessing the
integrity of the structural components, it is important to develop a
model with good efficiency and accuracy to predict J-integral of
surface crack in a mismatched weldment.

In the present study, extensive 3D FEA was first performed to
calculate the fully plastic J-integral solutions of weld centerline
crack in welded plates with idealized rectangular weld for 900
cases considering strength mismatch. Full results of the J-integral
estimated by the EPRI schemes for weld centerline cracks under
elasticeplastic tension loading was addressed. Subsequently, the
back-propagation ANN model was established for predicting the
elastic-plastic J-integral based on the database generated from the
FEA results. The robustness of the Back-propagation Neural
Network (BPNN) prediction model is verified compared with the
results obtained from FEA. It is shown that the results generated by
BPNN model agree well with those obtained from FEA. Thus, based
on the proposed BPNN model, the elastic-plastic J-integral for weld
centerline cracks in welded plates can be evaluated at any magni-
tude of applied load without complicated time-consuming nu-
merical simulations.

2. FEA for mismatched weld surface cracks

2.1. 3D FE model

3D FEM can be employed to calculate the J-integral for a surface
crack in mismatched welded plates. The geometry of the welded
plate with a surface crack is shown in Fig. 1. The width, height and
thickness of the plate and the width of the weld are denoted as 2W,
2L, T, 2H, respectively. The depth and length of the semi-elliptical
crack are denoted as a and 2c, respectively. A and B denote crack
surface and crack deepest point, respectively. 4 characterizes a
specific point P at the crack front. The welded plate model is
considered as a simple idealized bi-material structure with HAZ
and residual stress neglected. Some previous studies indicated that
the effect of residual stress on J-integral is negligibly small when
fully plastic conditions are achieved (Kumar et al., 1991; Huang and
Zhou, 2020) thereby providing support to this modelling strategy.
For simplicity, it's assumed that the weld metal and base plate have
the same elastic modulus (E) and Poisson's ratio(n). The material
model used in current work is Ramberg-Osgood power-law strain
hardening relation based on the deformation plasticity theory,
which is provided in ABAQUS (Version 6.14 Docu, 2014) and
expressed as follows (Ramberg and Osgood, 1943)
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ε = ε0 ¼ s =s0 þ aðs=s0Þn (1)

where s0 is normalizing stress, most often associatedwith the yield
stress of the material, ε0 ¼ s0=E, a is a dimensionless constant and
n is strain hardening exponent. In present study, yield stress of weld
metal and base plate is chosen as s0 in Eq. (1). For all the FEA of the
welded plates, a¼ 1, E¼ 207GPa and n¼ 0.3 are used for both weld
metal and base plate. The yield stress of base plate is assumed the
same for all mismatch cases (s0b¼400MPa), and the yield stress of
weld metal is varied to obtain different mismatch conditions. Weld
strength mismatch ratio M ranges from 0.6 to 2.0 (M¼ 0.6, 0.7, 0.8,
0.9, 1.0, 1.1, 1.3, 1.5, 2.0). The fixed values of the material properties,
i.e. a, E, n, s0b, are used because normalized plastic J-integral so-
lutions will be independent of these values since they only depend
on the crack geometries, strength mismatch levels and hardening
exponents (Wang, 2006; GY Fu and Li, 2017a). Considering the ef-
fect of hardening mismatch on elastic-plastic J-integral will make
the situation more complex and it needs additional investigation.
Thus, strain hardening exponent for the weld metal and base plate
is taken as the same for simplicity. Varying hardening exponents
(n¼ 3, 5 and 10) (Kumar et al., 1981; Lei, 2004a; Wang, 2006; GY Fu
and Li, 2017a) are considered to investigate both high andmoderate
hardening behaviors (Fig. (2) shows relative stress-strain curve).
The elastic analyses for some crack geometries were conducted as
well to validate Newman-Raju's (N-R) solution for Mode I Stress

Intensity Factor (SIF) at any point along a semi-elliptical crack
(Newman and Raju, 1981).

A quarter of the model is created as shown in Fig. 3 due to
symmetries. FEA was performed using ABAQUS version 6.14 with
C3D20R elements. 3D prism elements with four mid-side nodes at
the quarter points (a degenerated cube with one face collapsed
giving r�1/2 singularity) are used for sharp crack-tip. And the
coincident nodes in collapsed face are free to displace indepen-
dently to give r�1 singularity. Abaqus element combines the r�1/2

and r�1 terms to provide a reasonable approximation for r-n/(nþ1) to
simulate crack-tip singularity for power law hardening materials.
The tension loads are applied to the far-end of the plate and sym-
metry constraints are applied to the left and the bottom of the
model as shown in Fig. 3. The L=W is fixed to 1 and W=c is fixed to
15 for all analyses to reduce boundary effects in thewidth direction.
A meshing technique was developed to conduct the FE fracture
analyses, in which the model is partitioned into several regions. For
accurate J-integral computations, a pattern of elements with
controlled sizes and shapes is placed about all crack fronts. The
template takes the forms of generalized cylindrical tubes of ele-
ments with the crack front serving as the axis and it contains 5
contours with 8 circumferential elements. Wedge shaped elements
are placed immediately adjacent to the crack front. These are sur-
rounded by rings of brick elements. A typical finite element mesh is
shown in Fig. 3 and the mesh is relatively dense near free surface.
The whole crack front is divided into 30e50 elements according to
crack geometries. The J-integral was determined by the domain
integral method implemented in the ABAQUS program. Average of
J-integral values from the outer four contours is adopted in current
analyses. Results from the first contour were neglected as the first
contour shrinks to the crack front. Various surface crack geometries
(a=c¼ 0.2, 0.5, 0.8, a=T¼ 0.2, 0.4, 0.6, 0.8) and relative weld width
(H=T¼ 0.25, 0.5, 0.8) are considered.

2.2. Determination of fully plastic J-integral

Linear Elastic Fracture Mechanics (LEFM) is generally valid for
nonlinear materials when the vicinity of crack-tip is under Small-
scale Yielding (SSY). For Large-scale Yielding (LSY) conditions,
LEFM can hardly characterize the fracture behavior, and an alter-
native model is required. Rice (1968) first proposed the fracture
parameter named J-integral, which has achieved great success in
characterization of crack-tip behaviors for nonlinear materials,
based on deformation theory of plasticity. Besides, around the crack
front, the J-integral is independent of the path of integration, which

Fig. 1. Weld center surface crack in a finite thickness plate.

Fig. 2. Ramberg-Osgood material model for different strain hardening exponent.
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was first verified by Kobayashi et al. (1973). The J-integral in three-
dimensions is given by (Shih et al., 1986)

J¼ lim
G/0

ð

G

�
6n1 � sijnj

vui
vx1

�
dG (2)

whereG denotes a contour defined in a plane normal to the front on
the undeformed configuration beginning at the bottom crack face
and ending on the top face, nj is the outward normal toG,6 denotes
the strain energy density, sij and ui are Cartesian vector compo-
nents of stress and displacement. The domain integral method is
employed in FEA (Shih et al., 1986) for numerical evaluation of Eq.
(2) to provide pointwise J values. However, analytical solutions of
the J-integral using Eq. (2) is only available for some simple prob-
lems. For most 3D and complex problems, numerical calculation
methods have to be resorted. In the EPRI scheme, the total J-integral
was separated into two components:

J¼ Jel þ Jpl (3)

where Jel is the elastic portion and is equivalent to elastic stain
energy release rate, and Jpl is the fully plastic J-integral. The elastic
portion can be determined from SIF (denoted by K) as follows:

Jel ¼K2
�
1� n2

�.
E (4)

It is well known that the SIF solution proposed by Newman and
Raju has been widely used because it can provide the results with
good accuracy (Kobayashi et al., 1973; Shih et al., 1986; Toribio et al.,
2016). The analytical expressions for SIF are given as follows:

K ¼ sa

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pa

1þ 1:464ða=cÞ1:65
s

F
�a
T
;
a
c
;
c
W

;4
�

(5)

F ¼ g
h
M1 þM2ða=TÞ2 þM2ða=TÞ4

ih
ða=cÞ2cos2 4þ sin2

4
i1=4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sec
�
pc

ffiffiffiffiffiffiffiffi
a=T

p .
2W

�r

(6)

8>>><
>>>:

M1 ¼ 1:13� 0:09a=c
M2 ¼ �0:54þ 0:89=ð0:2þ a=cÞ
M3 ¼ 0:5� 1=ð0:65þ a=cÞ þ 14ð1� a=cÞ24
g ¼ 1þ �0:1þ 0:35ða=TÞ2�ð1� sin 4Þ2

(7)

where sa denotes the applied load at far-end of the plate (shown in
Fig. 3(a)). FEA for some elastic cases were conducted to validate this
solution with Fig. 4 showing the results of comparison of Jel. It
shows that the differences are generally less than 5% and the
maximum difference is less than 10%. The proportion of Jel in Eq. (3)
will gradually decrease with applied load increasing because the
effect of plasticity on the J-integral gradually increases (see
Fig. 5(a)). Hence this solution is used to calculate Jel in this work,
which will have little influence on determining Jpl. As load level
reached the fully plastic situation, the fully plastic J-integral of
cracked plates subjected to uniaxial loading having (nþ1) power
dependence on the applied load (Kumar et al., 1981; Lei, 2004a;
Wang, 2006; GY Fu and Li, 2017a), which is given by

Jpl ¼h1as0ε0Tðsa=s0Þnþ1 (8)

where h1 is the normalized fully plastic factor, which is related to
a=c, a=T, 4, n and M. Based on the EPRI J-estimation scheme, the
normalized fully plastic J-integral h1 is expressed as follows

h1 ¼
J � Jel

as0ε0Tðsa=s0Þnþ1 (9)

The total J-integral is obtained by finite element modelling.
Results from the EPRI J-estimation scheme are in good agreement
with those from FEA and experiments for varying crack configu-
rations in common testing specimens, including wide range of
elastic-plastic deformation and material properties (Kumar et al.,
1981). Typical h1 -load curve shown in Fig. 5(b) indicates that h1
is dependent on the applied load for low load level (McClung et al.,
1999). Load independence of h1 occurs when the applied load
reaches a threshold value. Note that the dependence of h1 has
insignificant influence on J-estimation. For lower load level, Jel is
dominant due to insignificant effect of plasticity on the J-integral,
while Jel becomes negligible for higher load level due to domination
of plasticity. In order to determine Jpl, h1 values were calculated for
different applied load and the critical h1 values with eh1

(shown in

Fig. 3. Finite element model: (a) load and boundary, (b) typical model mesh, (c) contours of crack-tip.
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Fig. 5) less than 1E-3 for all points along the crack front was
identified as the one corresponding to the fully plastic conditions.
Wang (2006) proposed that if the Jpl accounts for more than 95% of
the total J-integral for all points along the crack front, the corre-
sponding Jpl can be seen as the fully plastic J-integral. This criterion
is also reached when eh1

is less than 1E-3 based on present FE
results.

2.3. Verifications for determining fully plastic J-integral

Before calculating the h1 values for welded cracked plates
subjected to remote tension loading, verifications were conducted
to validate the procedure of obtaining h1 values used in the present
3D FEA. Due to the lack of 3D fully plastic J solutions of surface
cracked plate with a mismatched weld, a center-cracked homoge-
neous plate under remote tension loading is analyzed firstly. As
mentioned before, the dimensions of the plate were taken to beW=

c¼15 and L=W¼1. The h1 values for different crack geometries (a=

c¼0.2, 1.0 and a=T¼0.2, 0.4, 0.8) and strain hardening exponent
(n¼3, 5, 10) were calculated. Fig. 6 shows comparisons of h1 values
and distribution from the present FEA and those obtained byWang
(2006) and Fu (GY Fu and Li, 2017a) (normalizing stress
s0¼200MPa). It is observed that good agreements are achieved and
themaximumdifference is within 5.0% for all points along the crack
front except for the case of a=c¼1.0, a=T¼0.8, n¼5, in which results
provided by Fu (GY Fu and Li, 2017a) shows large difference from
both present and Wang's study.

As a further verification, a mismatched plane strain CCP (center
cracked plate) specimen is considered. 2D finite element model
degenerated from the xey plane (see Fig. 1) of the 3D finite element
model was used. Compared to the results obtained by Lei et al.
(LeiAinsworth,1997; Lei et al., 1999), inwhich normalized J-integral
(J=abs0bε0ba) was converted to h1 value, good agreements were
achieved for two different strength mismatch level and crack
length as shown in Fig. 7. The differences are less than 5.0% when
the h1 value tends to be stable.

Therefore, through aforementioned analyses, present finite

Fig. 4. Comparison of Jel from the present FEA and N-R SIF solution: (a) a/T¼ 0.2, (b) a/T¼ 0.6.

Fig. 5. Typical curves about fully plastic J-integral: (a) variation of Jel/J with the applied load, (b) variation of h1 with the applied load.
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element procedure can be considered suitable and give confidence
for determining fully plastic J-integral for surface cracked plates
with mismatched weld subjected to remote tension loading. Hence
the training and testing data obtained from FEA for the ANN model
can be considered feasible and accurate.

3. FEA results and discussion

The fully plastic J-integral for weld centerline cracks in welded
plates with various parameters, including crack aspect ratios (a=
c¼ 0.2, 0.5, 0.8), relative crack depths (a=T¼ 0.2, 0.4, 0.6, 0.8), strain

hardening exponents (n¼ 3, 5, 10), strength mismatch ratios
(M¼ 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.3, 1.5, 2.0) and relative weld width
(H=T¼ 0.25, 0.5, 0.8), were determined along the whole crack front
subjected to remote uniaxial tension loads.

As well-known in fracture mechanics, for power-law hardening
materials, the r�1/(nþ1) singularity of crack-tip stress field is non-
existent at the intersection vicinity of the crack front and free
surface (Sih and Lee, 1989). In other words, the r�1/(nþ1) singularity
is accurate within the plastic zone that is surrounding crack front
points and completely underneath the free surface. The computed
J-integral is not accurate at surface point where the singularity has
changed. Thus, the values of J-integral in all cases at the surface
point are considered as the approximation of extrapolation from
near surface points.

For a given cracked geometry,the h1 values along the crack front
become larger for larger hardening exponents (except the portion
next to the free surface), which corresponds to the fact that the J-
integral increases as the plastic deformation of crack-tip develops.
Fig. 8 shows comparison of the h1 values for different strain
hardening exponent and mismatch level (M¼ 0.7, 1.3) for a/c¼ 0.2,
a/T¼ 0.4, H/T¼ 0.8. Similar trends are obtained for other values of
a=c, a=T, H=T and M, and those figures are omitted here. As shown
in Figs. 9 and 10, the h1 values decreasewith the strengthmismatch
level increasing, which leads to the decrease of plastic deformation
around the crack front. It's well known that the maximum SIF along
the crack front for a surface crack in the homogeneous plate occurs
either near surface point or at the deepest point (Li et al., 2016; GY
Fu and Li, 2017b). However, the maximum h1 value for weld surface
crack with different degrees of strength mismatch occurs at either
somewhere between the deepest and near surface point or the
deepest point along the crack front. For example, for H/T¼ 0.8, the
maximum h1 occurs at 4¼ 90+ for a/c¼ 0.2, a/T¼ 0.2, n¼ 3 and
M¼ 1.5, at 4¼ 39+ for a/c¼ 0.8, a/T¼ 0.2, n¼ 5 and M¼ 0.7, and

Fig. 6. Comparison of the h1 values for center-cracked homogeneous plate from present FEA and Refs. Wang (2006), GY Fu and Li, 2017a.

Fig. 7. Comparison of the h1 values for mismatched plain strain CCP specimen from
present FEA and Lei (LeiAinsworth, 1997).
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4¼ 23+ for a/c¼ 0.5, a/T¼ 0.6, n¼ 10 andM¼ 0.6. The results from
Lei (2004a) and Wang (2006) considering the homogeneous plate
are also in accord with this. It implies that the critical spot for crack
growth may arise in between the deepest and near surface point.
For overmatched weld, the maximum h1 is usually located at the
deepest point in most cases except for very deep cracks (a/T¼ 0.8).
Considering cases of a=T ¼ 0:8, the location of the maximum h1
(location denoted by 4max) mostly ranges from 14� to 60� and de-
creases with the increase of crack aspect ratio. However, the
maximum h1 occurs somewhere between the deepest and near
surface points for undermatched weld in most cases except for

shallow cracks (a/T¼ 0.2), with 4max mostly ranging from 14� to
70�. Generally, the higher a/c, a/T and n are, the smaller 4max is.

For cases of overmatch conditions except for deep crack with a=
T ¼ 0:8, the difference of h1 between the deepest point and the
maximum value along crack front is less than 6.5%. Therefore, the
deepest point of crack can be seen as critical location of h1 to
perform safety assessment for overmatched weld. While for over-
match cases of a=T ¼ 0:8, considering a penalty factor 1.15 for h1 at
the deepest point with a/c� 0.6 and 1.3 with a/c > 0.6, conserva-
tive results will be obtained. For undermatch cases of shallow
cracks (a=T ¼ 0:2; 0:4) with aspect ratio not greater than 0.5, the

Fig. 8. Typical FE results of h1 for varying strain hardening exponents n.

Fig. 9. Typical FE results of h1 for. a=T ¼ 0:2
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Fig. 10. Typical FE results of h1 for. a=T ¼ 0:8

Fig. 11. Typical FE results of h1 for different. H=T
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deepest point can still be seen as the critical location.
Besides, some typical results of the effect of relative weld width,

H=T¼ 0.25, 0.5 and 0.8, on the variation of h1 with various
mismatch ratios for different crack configurations displayed in
Fig. 11. It was observed that H/T strongly affects the h1 values
especially for high crack aspect ratio and hardening exponent. The
decrease of H=T leads to an increase of h1 in overmatch conditions
but a decrease of h1 in undermatch conditions. Based on the above
results, the variation trends of h1 against normalized 4 are sensitive
to crack aspect ratio and weld strength mismatch (over- or under-).
However, the curves of h1 vs. normalized 4 for different relative
weld width (H=T > 0) have similar shape and the curves nearly
differ each other by a constant when normalized 4 is greater than
0.05.

The total J-integral in the elasticeplastic regime can be obtained
by adding together the Jel, determined from N-R solution, and the
Jpl, calculated using Eq. (8) based on the derived h1 values. A plastic
zone correction can be adopted in the calculation of Jel to obtain a
better estimate of the elasticeplastic J-integral as discussed in
(Kumar et al., 1981). Then based on failure assessment diagram
method (Structural Integr, 1999), the J-integral solutions can be
adopted to evaluate the safety assessment of the cracked structural
components with strength mismatched weld.

4. ANN prediction of the J-integral

4.1. Background of ANN and BPNN

Artificial neural network has been widely used for fitness
approximation and modelling problems in different engineering
fields (Song and Yu, 2013; Rubio and Mu~noz-Abella, 2010). It con-
tains several fundamental units called neurons, which consist of a
set of weighted inputs, a bias term, a nonlinear activation function
and an output. The basic artificial neural model is illustrated in
Fig. 12. There are many kinds of ANNs and they are all generally
consist of three layers: the input layer, the hidden layers and the
output layer. In each layer, Neurons are interconnected to preceding
and subsequent layer neurons with each interconnection having a
weight to describe the connection strength.

To develop an ANN model, the ANN topology includes the
activation functions, the number of hidden layers and neurons in
each layer. Among the frequently-used ANNs, Back-propagation
Neural Network (BPNN), which was proposed by the Rumelhart
and McClelland (Rumelhart and Mcclelland, 1986), is commonly
adopted to handle nonlinear and complex problems. Generally, the
ANN model includes two process: training and testing. In training
process, the model is trained to identify the relationships, which
will be stored as connection weights between the different neu-
rons, between the input variables and the expected output. The

detailed training process for BPNN (FR Lin, 1997; Li Zhaoet al., 2018)
are stated as follows:

Firstly, the connection weights (wij, wjk) and the threshold
vectors (a, b) in the hidden layer and output layer are initialized to
small values. The net-input values of the hidden layer, Hj, is
calculated based on the input vector X ¼ (x0 x1, … xn).

Hj ¼ f

 Xn

i¼0

wijxi þ aj

!
; j¼1;2;3; :::; l (10)

where l denotes the number of neurons in the hidden layer, the
sigmoid function is used as activation function, which is expressed
as:

f ¼1 = ð1þ e�xÞ (11)

Then the output value of the network can be obtained as
follows:

Ok ¼
Xl

j¼1

wjkHj þ bk; k ¼ 1;2;3; :::;m (12)

The error between the predicted output Ok and the target value
Yk is defined as ek¼Ok-Yk. The iterationwill be stopped till the error
is smaller than the tolerance limit. The total error function is
expressed as follows:

E¼1
2

XP

p¼1

Xm

k¼1

�
Ypk � Opk

�2
(13)

where Ypk and Opk are the desired output and predicted output,
respectively. P is the number of input-output data pairs.

Step 2: Back-propagation

Based on the error function obtained in step 1, the error term for
output and hidden neurons is calculated by use of gradient descent
method

dk ¼ vE
.
vwjk ¼� ekHj (14)

dj ¼ vE
	
vwij ¼



vE
	
vHj
�

vHj

	
vwij

�¼ � Hj


1�Hj

�
xi
X
k

wjkek

(15)

Both of the two terms are used to correct the corresponding
weights. The formulas of correction for the connection weights are
given by:

wij ¼wij � hdj ¼ wij þ hekHj (16)

wjk ¼wjk � hdk ¼wjk þ hHj


1�Hj

�
xi
X
k

wjkek (17)

where h is the learning rate, which determines the level of calcu-
lated error sensitivity to weight correction. Its value is between
0 and 1, and its ideal value is related to the feature of the error
surface. A smaller rate is expected for surfaces changing rapidly
while a larger rate can accelerate the converging speed for smooth
surfaces.

Similarly, the updated formulas for the bias term are given by

Fig. 12. Basic model of a single artificial neuron.

Step 1: Feed-forward
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aj ¼ aj þ hHj


1�Hj

�X
k

wjkek (18)

bk ¼ bk þ hek (19)

This training process will stop if the mean square error (E/P,
MSE) between the desired output and predicted output from ANN
modelling reach the predefined threshold or the training epochs
are finished.

4.2. BPNN formulation

It is known that the number of hidden layers and neurons in
each hidden layer affects the prediction of the accuracy, and there
are no specific rules for identifying their numbers. Generally, for an
average database, two hidden layers is capable of obtaining good
accuracy and saving computation efforts (Ling Luoet al., 2017). The
trial-and-error method should be adopted to determine the
appropriate the number of neurons in each hidden layer in practical
applications.

The architecture of BPNN model to compute the J-integral is
illustrated in Fig. 13. The input layer includes six independent
variables, namely, crack aspect ratio (a=c), relative crack depth (a=
T), position of a point along the semi-elliptical crack (4), strength
mismatch ratio (M), relative weld width (H=T) and strain hardening
exponent (n). The J-integral is the only output of the developed
ANN model. All variables were normalized between 0 and 1. In
general, the 80% of the database should be used to train the ANN
model and the remaining part is used to test the prediction accu-
racy and validate the design of the ANNmodel. The BPNN is chosen
for present study to predict the elastic-plastic J-integral of weld
centerline surface cracks considering the material strength
mismatch. The FEA database is divided into the training part (750
cases) and testing part (150 cases). The activation function for both
the hidden layers and the output layer is log-sigmoid function
shown in Eq. (11).

Levenberg-Marquardt algorithm, which assumes a mean or sum
square error as the performance function, is operated in the present
BPNN training process. Besides, the gradient descent weight/bias
learning function is also used. Based on trial-and-error, the three

following parameters, the number of neurons in each hidden layer,
learning rate, the number of training epochs and the performance
goal are set as 20, 0.1, 400, 5E-6, respectively.

4.3. Results and discussion

The variation of MSE during the training and test process of
BPNN is shown in Fig. 14. The calculated MSEs for test data is 7.45E-
6, which is found at epoch 109 (shown with a green circle) and
represents the best prediction from proposed BPNNmodel (namely
the best performance of proposed BPNN model). All the determi-
nation coefficient R2 shown in Fig. 15 are greater than 0.99, indi-
cating the robustness and accuracy of developed BPNN model. As
shown in Fig. 16, the results predicted by BPNNmodel and obtained
by FEA are compared for part of the test data to further verify the
accuracy of BPNN prediction. The results show very good agree-
ment and the maximum difference is less than 10% with the ma-
jority of the differences within 3%. Similar agreements are also

Fig. 13. Architecture of BPNN model.

Fig. 14. Variation of the error performance of the proposed BP network.
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Fig. 15. The data regression of the BPNN model.

Fig. 16. Comparison of the results predicted by BPNN model and obtained by FEA for part of test data.
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achieved for other test data but are omitted here. Therefore, it can
be concluded that the proposed BPNN model is capable of pre-
dicting the elastic-plastic J-integral for weld centerline cracks with
good accuracy and efficiency.

Although ANN can obtain satisfying prediction and economize
computational cost for nonlinear and complex problems, it's time-
consuming to generate the indispensable dataset via FEA and the
training data plays an important role in the prediction accuracy of
ANN model. The right FE model should be established to generate
accurate training and test data so as to ensure the prediction ac-
curacy of ANN model.

5. Conclusions

In this work, 3D FEM and ANN are used to predict fully plastic J-
integral for weld surface cracks, considering various crack geome-
tries, material properties and degrees of strength mismatch. The FE
model was verified compared to literature results. 900 cases in total
were computed through 3D elastic-plastic FEA by using combina-
tions of those variables. Then the results obtained from FEA were
used as database to establish the ANN model. A four-layer BPNN
model was developed, which contains one input layer, two hidden
layers and one output layer. The input variables and output variable
are the same as those used in FEA. The main findings are summa-
rized as the following:

C The fully plastic J-integral is not uniformly distributed along
the crack front. It was shown that crack geometries, the
strain hardening exponents and strength mismatch ratios
have strong effects on the normalized fully plastic J-integral
distributions along the crack front. The h1 values are larger
for the undermatch conditions comparing to the values for
overmatch conditions.

C The critical h1 almost occurs at the deepest point of a crack
for all overmatch cases except for a=T ¼ 0:8. The critical h1
occurs somewhere between the deepest and near surface
points for undermatch except for shallow cracks (a/T¼ 0.2),
and the higher a/c, a/T and n are, the smaller 4max is.

C Relative weld width, H=T, generally affects the values of h1
along the crack front and has almost no significance on its
distribution. The decrease of H=T leads to an increase of h1 in
overmatch conditions but a decrease of h1 in undermatch
conditions.

C The estimated results by proposed BPNN model have
remarkable accuracy compared with the results generated
from numerical modelling. The determination coefficient R2

of regression analyses is greater than 0.99. This network
model can be used to predict J-integral without performing
additional 3D FEA.

In summary, based on the proposed FE model and BPNN model,
the fully plastic J-integral solutions investigated in present study
can be suitable for estimating the elastic-plastic J-integral by use of
EPRI scheme for weld surface crack in finite welded plates. And
based on current results, engineering safety assessment of welded
plates with centerline semi-elliptical surface cracks can be per-
formed by means of failure assessment diagram.
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