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A B S T R A C T   

Corner cracks are one of the common forms of flaws in the reactor pressure vessels (RPVs) of nuclear power 
plants (NPPs). Accurate evaluation of the driving force of such corner cracks is essential and critical for the 
efficient design and integrity assessment of the RPVs. In this study, the combined effect of the depth, length and 
angle of a given corner crack under the service loading was analyzed using elastic–plastic finite element analysis 
(EPFEA). Based on the consideration of the distribution profiles of stress intensity factor (SIF) and J integral as 
the crack growth along corner crack front, the crack growth stability with various crack shapes and angles was 
analyzed. Finite element analysis (FEA) results showed that the crack growth driving force is affected by the 
shape and angle of the initial crack. It is also found that the sliding mode (mode II) crack or tearing mode (mode 
III) crack should be taken into account in the structural integrity analysis of RPVs.   

1. Introduction 

Reactor pressure vessel (RPV) is one of the important components of 
primary coolant boundary, which is commonly used in the pressurized 
water reactors (PWRs) (Liu et al., 2020). This critical component oper-
ates under harsh working environment, such as high temperature, high 
pressure and neutron irradiation (Murtaza and Hyder, 2015a). The 
service-induced defects (cracks) are inevitable during the design life 
because of the stress concentration and irradiation embrittlement at the 
nozzle-cylinder intersection zone, and previous studies have shown that 
the corner crack initiated at set-in nozzle-cylinder of RPV is one of 
typical failure forms of RPVs (Murtaza and Hyder, 2017; Liu et al., 
2021). As RPV is considered irreplaceable, the fracture analysis and 
assessment of the key locations in RPVs are thus required to ensure 
adequate safety margins to be maintained during operation (Liu et al., 
2018). 

To ensure the structural integrity of RPVs with cracks, substantial 
research has been carried out on corner cracks subjected to complex 
loading conditions. One of the earliest studies investigating the SIF of 
corner cracks using finite element analysis (FEA) was carried out by Ruiz 
in the 1970 s (Ruiz, 1973). Murtaza and Hyder performed the fracture 
mechanics analysis for the corner crack at the set-in nozzle of a reactor 

pressure vessel, they demonstrated that the corner crack with the depth 
of 5% of wall thickness is the critical crack at the nozzle-cylinder 
intersection of the RPV (Murtaza and Hyder, 2015b). The 1/4 wall 
thickness corner crack extension analysis at in-let nozzle of RPV of type 
AP1000 under design loading condition was completed by Liu et al. 
(2018), who showed that the crack growth rate of the nodes in the vi-
cinity of RPV’s inner surface is faster than that of the nodes in the centre 
area of crack front (Liu et al., 2018). Jin et al.(2019) studied the Weibull 
stress in the local approach to fracture for corner crack in RPVs, and 
found that the modified boundary layer model can effectively predict 
the Weibull stress along the crack tip (Jin et al., 2019). The influence of 
primary internal pressure and secondary thermal stress on the stress 
field at nozzle corner and SIF at crack front were analyzed by Li et al. 
(2020). They found that the corner crack size and shape affected the SIF 
value along the crack front, as well as the final critical crack size (Li 
et al., 2020). A fracture mechanics analysis procedure based on the re-
view results of several technical codes and standards such as ASME 
B&PV Code, Sec.XI, was proposed by Kim et al. (2022), to evaluate 
structural integrity of PWR with corner cracks at the various nozzles. 
They pointed out that the axial corner crack in the RPV outlet nozzle has 
the stress intensity factor (SIF) exceeding the low bound of upper-shelf 
fracture toughness irrespectively of considering the constraint effect, 
but the J-integral for the axial crack of the outlet nozzle does not exceed 
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the ductile crack initiation toughness (Kim et al., 2022). Previous studies 
have demonstrated that the crack tip opening displacement (CTOD), J- 
integral, and stress intensity factor (SIF) as the fracture parameters in 
structural integrity assessment (Qibao et al., 2022; Thamaraiselvi and 
Vishnuvardhan, 2020; Wang et al., 2023). It is generally accepted that 
the SIF around the corner crack front normally accurately evaluates the 
fracture conditions, which is relevant to the sizes and shapes of the crack 
and the geometric characteristics of the micro-level region around the 
crack front. 

More recently, the corner crack growth was analysed numerically to 
predict the crack growing path. For instance, Sun et al. (2017, 2019) 
investigated the crack propagation path of the nozzle corner cracks 
under pressurized thermal shock loading by using XFEM combined with 
specified damage criterion. The results of the elastic and elastoplastic 
analysis showed that the axial crack propagation occurred prior to the 
radial crack propagation (Sun et al., 2017, Sun et al., 2019). Liu et al. 
(2020) studied the effects of thermal stress on the crack propagation in 
AP1000 RPV. They concluded that the type I crack has the greatest in-
fluence in the process of corner crack growth, and the type I crack has 
the greatest influence on the crack life (Liu et al., 2020). Any crack 
growth was assumed to happen by extending the crack length (or depth) 
but maintaining the same crack angles (i.e. vertical direction) in previ-
ous studies. However, pressurized RPV may be in biaxial or multi-axial 
loading conditions in reality, and the corner crack may change its angles 
under the mixed mode loading conditions (Wang et al., 2022). So far, 
most of studies investigated surface and corner cracks concentrating on 
mode I loading conditions, but there are still uncertainties in the effect of 
the mixed mode loading conditions on the shift of the SIF or J location 
along its crack front. To further understand the link between the crack 

shape, angle, and the crack growth driving force, a more thorough 
investigation into the SIF or J along the corner crack of RPV will be 
beneficial. This study has looked into detailed profiles of the crack 
driving force along the whole crack front of a corner crack, including its 
deepest point and surface points, as well as the point of the maximum K 
and J, which could move between the deepest point and the surface 
points. 

2. Finite element analysis 

2.1. Material model 

SA508 nuclear-grade steel has been used as the material of RPV in 
NPPs due to its strength, good ductility, low cost and good neutron 
irradiation resistance (Okonkwo et al., 2021). The chemical composi-
tions of the material are shown in Table 1 (Dong et al., 2018). 

350 ◦C is the design temperature of the RPVs, so the mechanical 
properties of the material at 350 ◦C were used in the numerical analyses. 
Details are listed in Table 2 (Murtaza and Hyder, 2017; Tian et al., 

Nomenclature 

a crack depth 
c crack length 
ρ density 
σ0 yield strength 
σb tensile strength 
E Young’s modulus 
ν Poisson’s ratio 
ε strain 
φ crack angle 
J J integral 
K stress intensity factor 
g gravitational acceleration 
KI opening mode crack (mode I) 
KII sliding mode crack (mode II) 

KIII tearing mode crack (mode III) 
Kmax the maxima stress intensity converted from J integral 
Jmax the maxima J integral value 
Keff the effective linear elastic stress intensity factor in mixed 

mode loading 
K12 the fracture toughness at the initiation of ductile tearing 
Kmat the material fracture toughness measured by stress 

intensity factor 
α the parameter used in defining Keff 

Abbreviations 
FEA finite element analysis 
SIF stress intensity factor 
RPV reactor pressure vessel 
NPP nuclear power plant  

Table 1 
Chemical composition of SA508 steel (%).  

C Si Mn P S Cu Mo Cr Ni Fe  

0.187  0.18  1.35  0.009  0.003  0.02  0.49  0.12  0.75 Bal.  

Table 2 
Mechanical properties of SA508 steel at 350 ◦C.  

Young’s 
modulus, 
E 

Yield 
stress, 
σ0.2 

Tensile 
stress, 
σb 

Poisson’s 
ratio, ν 

Density, ρ 

214 GPa 415.6 
MPa 

577.1 MPa  0.3 7.75 × 10− 9 tone/ 
mm3  

0.00 0.03 0.06 0.09 0.12
0

200

400

600

800
SA508 350 C

,ssertS
)aP

M(

Strain, (-)

 Engineering stress-strain curve
 Ture stress-strain curve

Fig. 1. The stress–strain curve derived from tensile tests of SA508 steel at 
350 ◦C. 
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2020). 
The plastic characteristics of SA508 steel at high temperature were 

investigated by a previous study using a uniaxial tensile test, with the 
mechanical response of SA508 steel at 350 ◦C showing in Fig. 1. The true 
stress–strain curve calculated from the uniaxial tensile test (i.e. engi-
neering stress–strain curve) was used as the plastic parameters in the 
simulation process. To simplify the problem, the set-in (out) cylinder is 
assumed to be made of parent material (i.e. SA508) without weld and 
cladding. 

2.2. Geometric model 

A typical double-loop cylindrical 3D RPV model with two set-in and 

two set-out nozzles was analysed using ABAQUS (ABAQUS/Standard 
User’s Manual, 2018). The cut section view for RPV and the set-in nozzle 
with dimension parameters are shown in Fig. 2 (a) to (c). 

A symmetric model with a corner crack of the RPV was analysed 
using the sub-model technique with a refined mesh based on interpo-
lation of the solution from an initial relatively coarse global model. This 
is to obtain an accurate, detailed solution in the crack region for the 
strain field and the stress intensity factor (K) as well as J integral (J) 
along the crack tip (Wang et al., 2021). 

Different geometric parameters and angles of the corner crack were 
studied with different dimensions of cracks for a better understanding of 
crack driving force. Details are given in Table 3. These crack types have 
been classified in terms of the crack depth a, crack length c and crack 
angle φ, respectively. 

It should be mentioned that φ is the angle of corner crack to the 
vertical direction, as show in Fig. 3. For convenience, the crack driving 
force along the crack tip will be normalized from point “A” to “B” shown 
in Fig. 3. 
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Fig. 2. The cut section view for RPV and the set-in nozzle.  

Table 3 
Parameters of the corner crack.  

No. S-01 S-02 S-03 

a 100 mm 200 mm 100 mm 
c 200 mm 100 mm 100 mm 
φ − 75◦, − 60◦, − 45◦, − 30◦, − 15◦ , 0◦, 15◦, 30◦, 45◦, 60◦, 75◦
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2.3. Boundary conditions 

Owing to the use of metal materials and the huge size, the weight of 
RPV cannot be neglected. In the analysis, gravitational acceleration has 
been considered, gravitational acceleration g = 9.8 × 103mm/s2. The 
RPV was supported by “support pads” under the nozzles in NPPs as 
shown in Fig. 2 (a) and (b). The lower face of these support pads was 
constrained on the vertical direction while the movement in the radial 
and tangential directions of these faces were allowed (i.e. the support 
pads were free to move in the axial direction of the nozzle). To properly 
support the RPV, as shown in Fig. 2 (a), the skirt type support was 
positioned under the lower hemisphere of the RPV. To incorporate the 
effects of skirt support, the lower hemisphere of the RPV was fixed in this 
study. The internal pressure of the RPV was set as 17.16 MPa, which is 

the design pressure of the RPV (Murtaza and Hyder, 2017). 

2.4. The mesh and element choice 

The mesh of the model is shown in Fig. 4, where the X-axis is the 
crack growth in the depth direction, and the Y-axis is the crack growth in 
the length direction. 

The sub-model cut location from global mesh is shown in the red 
dashed box in Fig. 4 (a) and (b). Elements used in the global model are 
C3D8 (8-node quadratic brick) provided by ABAQUS, and the sub model 
with refined mesh on the tip of corner crack are C3D20 (20-node 
quadratic brick) provided by Franc 3D. The final global model and the 
sub-model have 8128 and 34,594 elements, respectively. The 
M− integral method was used to determine the K and J along the crack 

Corner crack 
location

a

c

t

Set-in nozzle Corner crack

A

B
Corner crack 

location

Fig. 3. Location of the corner crack and crack geometrical parameters.  

(b) Sub-model cut location

(a) Global mesh (c) Sub-model

X

Y

Mesh refine on 
the crack tip

Fig. 4. Mesh model of RPV.  
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Fig. 5. The stress distributions of the uncracked RPV(MPa).  
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front (Zhang et al., 2017). 

3. Simulation results and analyses 

3.1. The stress analysis of the RPV 

The stress distributions of the uncracked RPV are shown in Fig. 5 (a) 
and (b). Under identical internal pressure conditions, the cylinder with a 
larger wall thickness experiences higher stresses, resulting in a stress gap 
between the cylinder and the hemispherical bottom. The results show 
the highest stress concentration point being formed at the intersection 
area between the set-in nozzle-cylinder and the inner wall of the RPV. 
The maximum von Mises stress is 250.03 MPa, which is approximately 
in agreement with the results observed by Usman et al (Murtaza and 
Hyder, 2017). 

3.2. The SIF from FEA 

3.2.1. SIF of the corner cracks of set No.S-01 (a = 10 mm, c = 200 mm) 
Fig. 6 (a) to (k) show the calculated value of the K along the whole 

crack front with a fixed depth and length (a = 100 mm, c = 200 mm) 

with different corner crack angles. The M integral was first introduced 
by Yau et al. (Yau et al., 1980) for mixed mode crack analysis in isotropic 
material. In this study, we use Franc 3D software to calculate J, KI, KII 
and KIII, the detailed calculations and theoretical basis are derived from 
the study of Banks-Sills et al. (Banks-Sills et al., 2005, 2007). The 
normalized distance along front is introduced to define the crack front 
from point “A” to “B” in Fig. 3. It can be seen that the distribution of KI is 
higher than KII and KIII in most cases, except for the K near the point “A” 
in some cases. In Fig. 6 (b) and (c), the KII is apparently higher than KI at 
the depth direction (near the point “A”) of corner crack when the corner 
crack angles are − 60◦ and − 45◦. In Fig. 6 (i) to (k), the KIII is higher than 
KI at the depth direction of corner crack when the corner crack angle is 
greater than 45◦. This suggests that the slant corner crack in RPV with 
complex stress condition are not only affected by tensile mode crack 
(mode I), but also influenced by sliding mode crack (mode II) or tearing 
mode crack (mode III). Hence, KII and KIII should be take into account in 
the structural integrity analysis of RPV. It should be noted that the 
distribution of KI seems to be approximately symmetric based on the 
symmetry axis of vertical corner crack (φ 0◦), and KII and KIII profile 
show the opposite trend. 
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3.2.2. SIF of the corner cracks of set No.S-02 (a = 200, c = 100). 
Compared with Fig. 6, Fig. 7 (a) to (k) show the calculated value of 

the K with a fixed depth and length (a = 200 mm, c = 100 mm) with 
respect to different corner crack angles. As the corner crack angle in-
creases (or decreases) from the vertical direction (φ = 0◦), the values of 
KI, KII and KIII change with the similar rule. In Fig. 7 (b) and (c), KII is 
apparently higher than KI at the depth direction (near the point “A”) of 
corner crack when the corner crack angles are − 60◦ and − 45◦. In Fig. 7 
(j) and 7 (k), the KIII is higher than KI at the depth direction (near the 
point “A”). It should be noted that KII is apparently higher than KI along 
the whole crack front in Fig. 7 (k). This is very different from that in 
Fig. 6 (k), and it also reveals that sliding mode crack (mode II) should be 
take into account for the approximate horizontal corner crack (φ = 75◦). 

3.2.3. SIF of the corner cracks of set No.S-03 (a = 100, c = 100). 
Fig. 8 (a) to (k) show the calculated value of the K with a fixed depth 

and length for a round corner crack (a = 100 mm, c = 100 mm) with 
respect to different angles. Compared with Fig. 7, Fig. 8 (a) to (k) shows 
the similar trends of K distribution. A key difference to Fig. 7 is that the 
KI profile changes from convex (upside down U) with a single minimum 

at crack centre to two maxima near the ends when the corner crack 
angles from − 15◦ to 15◦, and the KI profile are substantially symmetric 
in these cases. For the vertical round corner crack, the KI at the deepest 
point is smaller than the surface point, which is in agreement with the 
results observed by Li et al (Li et al., 2020). 

3.3. The J from FEA 

The J integral, as the driving force of a crack, represents the potential 
or likelihood of the crack growth in elastoplastic materials. Figs. 9 to 11 
shows the calculated values of J integral along the whole corner crack 
front. It can be easily seen that the J profile exhibits a maximum at the 
ends on the set-in nozzle (point “A”) when corner crack angles are ±60◦

for all cases. It is interesting to see that the trend of J profile for set No.S- 
01 and No.S-02 are approximately opposite in some cases (except angles 
of ±60◦). 

For round corner crack in Fig. 11, the J profile shows a symmetric 
upside down U shape distribution except the corner crack angles are 
±45◦and ±60◦. 
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Fig. 7. Results of stress intensity factor for S-02 (a = 200, c = 100).  
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3.4. The maximum SIF or J from FEA 

To further compare the trends of K and J integral from FEA, the 
maxima K and J with respect to the crack angles were studied. The 
relationship between maximum K, J, φ and crack shape are shown in 
Fig. 12. It can be seen that the maxima K and J profile shows similar 
variation trend in all cases. The KI exhibits symmetric minimum values 
when the corner cracks are at ± 75◦, then gradually increases in value in 
a concave way (upside down U-shaped), reaching the maximum when 
the crack is vertical (φ = 0◦). The KII shows a local minimum value when 
the corner crack is at − 75◦, then gradually increases, reaching a local 
maximum value when the corner crack is at − 45◦ or − 60◦, and decrease 
to the local minimum when the crack is vertical (φ = 0◦), then increase 
again, reaching a local maximum value when the corner crack is 75◦ (N- 
shape). The KIII shows a local minimum when the corner crack is at 
− 75◦, then gradually increases as the angle increases, reaching a local 
maximum when the corner crack is at − 45◦, and ultimately decreases 
slightly (S-shape). The change of the maximum K value appears to 
indicate that the opening mode crack (mode I) occupies the main posi-
tion for crack growth when the corner crack is vertical, but when the 
crack angle gradually increases, the fracture mode tends to be sliding 
mode (mode II) or tearing mode (mode III) which are shown in specific 

cases (φ=±60◦and φ = 75◦). 
To evaluate the crack under combinations of mode I, mode II and 

mode III loads, the effective linear elastic stress intensity factor in mixed 
mode loading Keff was proposed in industrial codes and standards, such 
as R6 (British Energy, 2001) and BS7910 (BS7910:2019, 2019). The Keff 
at the crack tip is given as. 

If 

Kmat

σ0.2
⩾6.3mm1/2 (1)  

Keff [K/
2
+ K2

// + αK2
////(1 − n)]

1/2
(2) 

If 

Kmat

σ0.2
< 6.3mm1/2 (3)  

Keff [K2
12 + αK2

////(1 − n)]1/2 (4)  

where Kmat is the material fracture toughness measured by stress in-
tensity factor, σ0.2 the yield stress and ν the Poisson’s ratio. Fracture 
toughness at initiation of ductile tearing K12 is given as (BS7910:2019, 
2019) 
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It is conservative to set α 1 (BS7910:2019, 2019). 
For SA508 steel, the Kmat under high temperature (320 ◦C) were 

tested by Li et al (Li et al., 2018), they found that the value of Kmat is 
approximately 210 MPa⋅m1/2(≈6.6 × 103 MPa⋅mm1/2). It is obtained 
that Kmat

σ0.2
= 15.9mm1/2, so Keff can be calculated by Equation (2). 

The maxima Keff distribution profiles are shown in Fig. 12 in magenta 
solid line. The maxima Keff is apparently higher than the maxima K1 
when the crack angle approaches to the horizontal direction, but 

roughly equals to K1 when the crack is vertical. It reveals that the ver-
tical corner crack has the great potential to propagate if the elastic SIF is 
used to characterize the crack driving force. 

In Fig. 12 (a) to (c), there is a significant difference between the 
trends of K and J results. The J (red dash line) exhibits a symmetric local 
minimum value when the corner crack is ± 75◦, then jumps to the 
approximately symmetric maximum value when the corner crack is 
±60◦, and then decreases with a sudden cliff-typed drop. The maxima J 

K12 =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(
2KI + 6

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

K2
I + 8K2

II

√ )

8

⎛

⎝
K2

I + 12K2
II + KI

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

K2
I + 8K2

II

√

2K2
I + 18K2

II

⎞

⎠

3/2

, (|KI/KII |⩾0.466 )

|KII |

0.7
, (|KI/KII |〈0.466 )

(5)   

0.0 0.2 0.4 0.6 0.8 1.0

-2000

-1000

0

1000

2000

3000

4000

,rotcaf
ytisnetnissertS

K
(M

Pa
m

m
1/

2 )

Normalized distance along front (-)

a=100mm, c=100mm 75

KI

KII

KIII

0.0 0.2 0.4 0.6 0.8 1.0

-2000

-1000

0

1000

2000

3000

4000

,rotcaf
ytisnetnissertS

K
(M

Pa
m

m
1/

2 )

Normalized distance along front (-)

a=100mm, c=100mm

KI

KII

KIII

(a) = -75° (b) = -60°

0.0 0.2 0.4 0.6 0.8 1.0

-2000

-1000

0

1000

2000

3000

4000

,rotcaf
ytisnetnissertS

K
(M

Pa
m

m
1/

2 )

Normalized distance along front (-)

a=100mm, c=100mm 45

KI

KII

KIII

0.0 0.2 0.4 0.6 0.8 1.0

-2000

-1000

0

1000

2000

3000

4000

,rotcaf
ytisnetnissertS

K
(M

Pa
m

m
1/

2 )

Normalized distance along front (-)

a=100mm, c=100mm 30

KI

KII

KIII

(c) = -45° (d) = -30°

0.0 0.2 0.4 0.6 0.8 1.0

-2000

-1000

0

1000

2000

3000

4000

,rotcaf
ytisnetnissertS

K
(M

Pa
m

m
1/

2 )

Normalized distance along front (-)

a=100mm, c=100mm 15

KI

KII

KIII

0.0 0.2 0.4 0.6 0.8 1.0

-2000

-1000

0

1000

2000

3000

4000

,rotcaf
ytisnetnissertS

K
(M

Pa
m

m
1/

2 )

Normalized distance along front (-)

a=100mm, c=100mm

KI

KII

KIII

(e) = -15° (f) = 0°
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profile also shows a plateau when the corner crack angles are from − 45◦

to 45◦ (M− shape with the local plateau). One of possible causes for the 
difference is that the SIF-based calculation lacks consideration of plastic 
effect of the material, and the J integral developed by Cherepanov and 
Rice is more appropriate to calculate the crack driving force with non- 
negligible plastic deformation (Cherepanov, 1967; Rice, 1968). It can 
be interpreted as that the Keff (or KI) have neglected the swift increase of 
crack driving force along the crack front when the crack angles are 
±60◦, while the J integral which is based on elastoplasic fracture me-
chanics theory can better describe the trend of crack growth. 

4. Conclusions 

A three-dimensional finite element analysis has been carried out on 
corner cracks in a RPV. The SIF and J integrals along the crack tip were 
calculated in terms of the crack depths, lengths and angles. Main con-
clusions are as follows:  

(1) The highest stress concentration point of the RPV can be found at 
the intersection area between the set-in nozzle-cylinder and the 
inner wall.  

(2) Slant corner crack in RPV are not just only affected by tensile 
mode crack (mode I), but also by sliding mode crack (mode II) or 
tearing mode crack (mode III). KII and KIII should be taken into 
account in the structural integrity analysis of RPV.  

(3) The location of the highest J or K is not fixed but varies, 
depending on the depth, length and angles of corner crack. The 
vertical corner crack has the highest K value while the corner 
crack with ± 60◦ has the local maximum J value.  

(4) The Keff (or KI) cannot pick up the swift increase of crack driving 
force along the crack front when the crack angle is ± 60◦, while 
the J integral which is based on elastoplasic fracture mechanics 
theory can better describe the trend of crack growth. 

For purpose of structural integrity analyses of key nuclear structure 
such as RPV, many scholars and research institutions are taking efforts 
to predict the crack growth behaviour. Comparisons between the SIF 
and J solution from FEA may help to achieve this purpose by providing a 
better understanding on the prediction of the crack driving force. 
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