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In order to study the effect of different surface crack parameters on the fracture failure of
steel plate, the model was established by FEM. The results showed that the edge surface
crack has the greatest influence on the fracture failure of the steel plate, and for non-edge
surface cracks, the central surface crack has the greatest influence on the fracture failure of
the steel plate. The larger the a/t and the smaller the a/c, the easier the steel plate fracture
failure occurs. The a/c has a certain influence on the variation law of K and the position
where K, appears.
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1. Introduction

With the development of industrial production and large-scale steel structures, the market de-
mand for steel plates is increasing day by day, and new requirements are also being put forward
for the production quality of steel plates, not only to improve the yield of steel plates, but also
to improve their quality. During the production and use of steel plates, surface cracks will in-
evitably occur due to material defects, rolling deformation and other factors (Yuan et al., 2021).
The surface cracks seriously affect the quality and yield of steel plates. The existence of cracks
will accelerate the fracture failure, which may lead to major accidents (Wen, 2020). A steel plate
with surface cracks as presented in Fig. 1. Hence, it is necessary to further study the fracture

failure of steel plates containing crack defects.

Fig. 1. The steel plate with a surface crack
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In recent years, some scholars have done a lot of research on the fracture failure of steel
plates and their repair, but there are relatively few studies on the fracture failure with surface
crack defects. Dolbow et al. (2000) improved the extended finite element method (XFEM), then
considered a discontinuous and a near tip strengthening function, applied it to the plate fracture
problem, and verified the accuracy and practicability of the new formula. Lin and Smith (1999)
analyzed a plate with a surface crack by using the finite element method. By estimating the stress
intensity factor at the crack tip, the effects of the stress intensity factor on sensitivity of the crack
shape, grid orthogonality and J-integral path independence were discussed. Saber et al. (2020)
studied the influence of cutout size, position and geometry on the AISI1045 steel plate fatigue
life and crack propagation path. The research showed that the cutout size and position were
important parameters affecting crack propagation paths, and the increase or decrease in fatigue
life could be predicted by cutout characteristics. Cheng et al. (2021) studied the fatigue crack
propagation mechanism of carbon steel plate by using molecular dynamics (MD) and extended
finite element methods (XFEM). Zhang et al. (2019) studied the effect of corrosion on fracture
toughness of steel plates and found that the uniform and pitting corrosion damage would reduce
the residual fracture toughness of corroded steel. Zhang et al. (2018) used Abaqus software to
study deformation behavior of typical steel and analyzed the displacement change of the material
during the shearing process. He et al. (2020) studied the causes of abnormal tensile fractures
of steel plates through metallographic microscopes, scanning electron microscopes and energy
dispersive spectrometers, and concluded that the main reason for abnormal tensile fractures were
surface cracks. Zhang et al. (2021) used a fully coupled elastoplastic damage model with stress-
state dependence to predict edge fracture during punching of high-strength steel plates. The
results showed that the model prediction results were in good agreement with the experimental
results. Chandra et al. (2020) used single edge notched tensile (SENT) specimens to evaluate
the ductile tearing resistance of interstitial free steel plates and investigated the critical crack tip
opening angle (CTOA) as well as the crack initiation parameters. Di Gioacchino et al. (2021) used
a side-grooved Charpy test to evaluate the splitting and fracture properties of high-toughness
steel plates. The research showed that the modified geometry could prevent the accumulation of
plastic deformation under upper shelf energy temperature and improve the accuracy of impact
performance measurement. Lee et al. (2022) used the finite element method and an experimental
method to study the cause of random crack formation and propagation in high-alloy steels. The
results showed that the alloy steel slabs were subjected to large thermal stresses during cooling.
When chromium and boron were added, the possibility of a steel plate fracture increased. Omiya
et al. (2022) studied the influence of material strength and notch shape on crack initiation and
propagation characteristics of an AHSS sheet of a car body structure. The research showed
that the crack generation and propagation behavior largely depended on the material strength
and notch root radius. Li et al. (2020) studied the reinforcement effect of a fiber-reinforced
polymer (FRP) on steel plates with surface cracks and proposed the optimal bond length and
repair layer number. Liu et al. (2023) proposed an analytical model based on linear elastic
fracture mechanics to evaluate fatigue performance of prestressed CFRP strip-reinforced steel
plates. The research revealed that the proposed model coild better predict the stress state,
stress intensity factor amplitude, fatigue crack growth life and the minimum pre-stress in the
CFRP strip required for crack cessation under different strengthening conditions for various
members.

However, those studies mainly focused on the fracture failure of steel plates and their repairs,
while there are few studies on the fracture failure of steel plates with surface crack defects. The
failure of steel plates with different crack positions, crack depth ratios and crack aspect ratios
is not sufficiently analyzed. Hence, a steel plate with a surface crack is taken as the research
object, and the influence of different crack positions, crack depth ratios and crack aspect ratios
on the fracture failure is analyzed.
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2. Theoretical method

2.1. J-integral and stress intensity factor

Rice (1968) proposed that the J-integral did not depend on the integral path around the
crack. The J-integral is a fracture parameter to deal with nonlinear fracture problems. It does
not need to calculate the elastic-plastic stress and strain fields near the crack tip, and it can be
used for elastic and plastic evaluation. The J-integral can be expressed as

J = /(wdy - T%ds) (2.1)
r

where I is a curve surrounding the crack tip. The integral is calculated in a counter clockwise
sense taking from the lower crack surface and continuing along the path I to the upper crack
surface. w is strain energy density, u is the displacement vector, T" depends on the outward
normal n; along I', T' = o;jn;, and ds is an arc length increment along I".

For cracks in linear elastic materials under mode I loading, the relationship between the
J-integral and stress intensity factor K7 is as follows

K?=FE'J (2:2)

For the model subject to plane strain loading, E’ can be expressed by equation (2.3);, and for
the model subject to plane stress loading, E' can be expressed by equation (2.3)9

E

o
1—v2

E =FE (2.3)
where E' is Young’s modulus, v is Poisson’s ratio.

2.2. Crack propagation criterion

In the elastic-plastic state, the stress and strain near the crack tip can be uniquely determined
by the J-integral. When the stress and strain field at the crack tip reaches the critical state of
crack growth, the J-integral also reaches the critical value, and the crack will be unstable and
start to grow. Therefore, the J-integral can be used as a fracture criterion for elastic-plastic
cracked bodies. The J-integral fracture criterion can be expressed as

J > Jio (2.4)

where Jjo is the characteristic parameter of the material, also called the fracture toughness.
For the stress intensity factor, when it reaches the Ko value, the crack will also appear
unstable and then initiate crack propagation. The fracture criterion can be expressed as

K > K¢ (2.5)

where K¢ is the characteristic parameter of the material, also called the fracture toughness.

3. Materials and methods

3.1. Steel plate geometric model and parameters

The finite element model of a steel plate is established with Q235. The main parameters
of the steel plate are: length L = 1000 mm, width W = 500 mm, thickness ¢t = 12mm, den-
sity p = 7800kg/m?, Young’s modulus E = 210 GPa, Poisson’s ratio u = 0.3, yield strength
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os = 243 MPa, and tensile strength o, = 465 MPa (Zhang, 2020). Considering the tensile frac-
ture failure of the steel plate with crack defects, the tensile load is set as ¢ = 10 MPa. The
tensile load is set at one end of the steel plate, and the other end is set with a fixed constraint.
The steel plate model with a surface crack and a sectional view of the steel plate are presented
in Fig. 2.

The crack Q o
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Fig. 2. Steel plate model with a surface crack and a sectional view of the steel plate

3.2. Finite element model

The steel plate with a surface crack has been implemented into the finite element software.
In the process of crack propagation, any crack with an initial shape will gradually form a semi-
-elliptical crack (Shahani et al., 2010; Anderson, 2017). Therefore, the semi-elliptical surface
crack is used in the analysis. The actual field picture of the semi-elliptical crack is shown in
Fig. 3a. The geometry of the semi-elliptical surface crack is shown in Fig. 3b. The dimension

(a) (b)

Y

Fig. 3. The semi-elliptical crack: (a) actual photograph of a semi-elliptical crack and (b) semi-elliptical
surface crack characterization

parameters ¢, a and c are the crack angle, crack depth and a half of the crack length, respectively.
For the surface crack, the surface point B is for the crack angle of 0°, and the deepest point A
of the crack is for the crack angle of 90°. The crack depth ratio a/t = 0.5 and the crack aspect
ratio a/c = 0.5 are defined for the initial crack located in the middle of the steel plate, as shown
in Fig. 2. For the steel plate model with surface cracks, eight-node reduced-integration “brick”
elements (C3D8R) have been adopted for the overall model. In order to eliminate singularity,
the singular elements (Barsoum, 1975; Henshell and Shaw, 1975) were adopted for the crack
front, and ten-node quadratic tetrahedron elements (C3D10) were used in the transition area
between the crack front and the steel plate. The stress intensity factor (SIF) of the surface crack
was calculated by using the contour integration method (Chong et al., 2021). The finite element
mesh of the steel plate is shown in Fig. 4.

In order to verify the effect of mesh number on the analysis results (Figiel and Kaminski,
2009), the mesh independence has been verified based on the initial cracking model of the steel
plate. Three finite element models with different mesh numbers were established for analysis. The
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Fig. 4. Finite element mesh of the steel plate

mesh numbers in Mesh 1, Mesh 2 and Mesh 3 were 104188, 186451 and 399282, respectively.
The SIF of the surface crack K with different mesh numbers is shown in Fig. 5. It can be
clearly found that the crack SIFs of Mesh 1, Mesh 2, and Mesh 3 are almost the same, and
the difference between them is very small. Therefore, increasing the number of meshes has little
effect on the calculation results. The number of Mesh 2 meets the requirements of calculation
accuracy. Considering the large number of meshes, the analysis time is long. Hence, Mesh 2 is a
mesh generation standard to achieve accurate results.
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Fig. 5. The SIF of a crack for different meshes
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3.3. Model validation

To verify the precision of the finite element calculation, we have calculated the SIF of the
semi-elliptical surface crack with the initial crack depth ratio a/t = 0.5, crack aspect ratio
a/c = 0.5. The crack is located in the middle of the steel plate, that is, S/L = 0.5, D/W = 0.5.

For an infinite center cracked plate subjected to uniform tensile stress at infinity, the stress
intensity factor can be expressed as

K =o+/7ma (3.1)

where o is the stress, a is the crack length.
For finite-sized components in the project, the stress intensity factor needs to be modified
based on the above formula, so it can be expressed as

K = ovraf(a,W,...) (3.2)

where f(a,W,...) is a geometric correction coefficient.

Due to complexity of the problem, the analytical solution is still difficult to obtain for three-
-dimensional surface cracks. However, in order to meet the needs of solving practical engineering
problems, Newman and Raju (1984) used the finite element method and numerical fitting to
give an empirical formula for calculating the surface crack stress intensity factor. The theoretical
calculation formula for the SIF K of a plate with semi-elliptical surface cracks can be expressed
as (Newman and Raju, 1984)

KSR o
where
an 1.65 a2 a\4
E(k) = \/1 + 1.464(2) F, = [Ml + MQ(;) + M3<2) }gfdw
M; = 113 - 009 My = —0.54 + og.igﬂ
- c
My =05~ soeg + 14(1 - %)24 g=1+ [0.1 + 0.35(%)2} (1 — sinp)?
- c

fff/(%f“s%“m% f’“zm

Compared with the calculation results from equation (3.3), the finite element model results
are very close, and the errors for different crack angles ¢ are less than 5%. The errors between
simulation results and calculation formula are shown in Fig. 6.

4. Results and discussion

4.1. Effects of crack position on the SIF of a surface crack

The initial crack depth ratio is a/t = 0.5, and initial crack aspect ratio a/c = 0.5. Considering
the influence of crack position on the SIF, D/W and S/L are defined to represent the crack
position, and D/W and S/L represent the width and length ratios of the position in the steel
plate where the crack is located, respectively. The length ratio S/L = 0.5 is taken to analyze the
changes in the SIF of the crack K at different crack angles ¢ when the width ratio is D/W = 0,
0.1, 0.2, 0.3, 0.4 and 0.5.
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Fig. 6. The error value between simulation results and calculation formula

The variation of the crack SIF for different width ratios is shown in Fig. 7a. Firstly, K de-
creases and then increases gradually with an increase of ¢. K gradually decreases within the
crack angle range ¢ = 0°-10°, and then gradually increases within the range of 10°-80°, and fi-
nally stabilizes after 80° when D/W = 0. K gradually increases within the crack angle range of
10°-90°, and the increasing trend gradually stabilizes when D /W = 0.1-0.5. The maximum value
of the SIF K4, for different width ratios appears at the deepest point of the crack ¢ = 90°. In
order to further study the influence of width ratios D/W on K, K at the deepest point of the
crack has been extracted for study. The variation of K at the deepest point of the crack is shown
in Fig. 7b. K decreases first as the width ratio D/W increases, and then gradually increases.
K gradually decreases in the range of width ratio D/W = 0-0.1, and gradually increases in the
range of width ratio D/W = 0.1-0.5. K is the largest when D/W = 0, and the crack is an edge
surface crack.
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Fig. 7. The SIF of a crack for different width ratios: (a) variation of the crack SIF, (b) variation of SIF
at the deepest point of the crack
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As shown in Figs. 7a and 7b, the variation rule of K when the width ratio D/W = 0 is
obviously different from that for D/W = 0.1, 0.2, 0.3, 0.4 and 0.5. K at the deepest point when
D/W = 0 is much larger than that at the deepest point when D/W = 0.1, 0.2, 0.3, 0.4 and 0.5,
indicating that the edge surface crack has the greatest influence on the fracture failure of the
steel plate. K of a non-edge surface crack increases with an increase of D/W, and the maximum
value of K appears at D/W = 0.5, that is, the central surface crack, which indicates that for
a non-edge surface crack, the central surface crack has the greatest influence on the fracture
failure of the steel plate.

Considering that the edge surface crack has the greatest influence on the fracture failure
of the steel plate, the edge surface crack is selected to analyze the influence of different length
ratios on the crack SIF, that is, the width ratio D/WW = 0 and length ratios S/L = 0.1, 0.3, 0.5,
0.7 and 0.9 are taken to analyze the variation of K at different crack angles ¢.

The variation of the crack SIF for different length ratios is shown in Fig. 8a. K firstly
decreases and then increases gradually with an increase of ¢. K gradually decreases within the
crack angle range ¢ = 0°-10°, and K gradually increases within the range of 10°-80°, then in
tends to be stable above 80°. The maximum value of the SIF K,,,, appears at the deepest point
of the crack ¢ = 90°. In order to further study the influence of length ratios S/L on K, K at
the deepest point of the crack is extracted for study. The variation of K at the deepest point of
the crack is shown in Fig. 8b. K firstly slowly decreases as the length ratio S/L increases, then
gradually decreases, and the decreasing trend becomes larger. K decreases slowly in the range
of length ratios S/L = 0.1-0.5, and the change of K value is small. K gradually decreases in the
range of length ratios S/L = 0.5-0.9, and the decreasing trend is larger than that in the range
of S/L = 0.1-0.5. K is the largest when S/L = 0.1, indicating that the closer is to the stress
end, the larger K is.

As shown in Figs. 8a and 8b, the decreasing trend of K in the range of length ratios
S/L = 0.1-0.5 is obviously different from that in the range of S/L = 0.5-0.9. The trend changes
at S/L = 0.5 indicate that this is the inflection point of the trend change. When the length
ratios are S/L = 0.1, 0.3 and 0.5, the variation rule of K is the same, and the variation of K
is small. The maximum variation difference of K is 0.01 MPa-m'/2, indicating that the edge
surface cracks when S/L < 0.5, which has the greatest influence on the fracture failure of the
steel plate.
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Fig. 8. The SIF of a crack for different length ratios: (a) variation of the crack SIF, (b) variation of SIF
at the deepest point of the crack

Considering that the crack position has the greatest influence on the fracture failure of the
steel plate when the width ratio D/W = 0 and the length ratio S/L < 0.5, the crack position
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is selected in this paper when the width ratio D/W = 0 and the length ratio S/L = 0.5. The
influence of different crack depth ratios and crack aspect ratios on the crack SIF is analyzed.

4.2. Effects of crack depth ratio on the SIF of a surface crack

To study the influence of crack depth ratio on the SIF of a surface crack, different depth
ratios a/t = 0.2, 0.3, 0.4, 0.5 and 0.6 have been considered. Meanwhile, the crack aspect ratio
a/c = 0.5 has been taken to analyze the variation of K at different crack angles .

The variation of the crack SIF for different crack depth ratios is shown in Fig. 9a. K firstly
decreases and then gradually increases with an increase of ¢. K gradually decreases within the
crack angle range ¢ = 0°-10°, and gradually increases within the range of 10°-80°, then it tends
to be stable above 80°. The maximum value of the SIF K,,,, appears at the deepest point of
the crack ¢ = 90°.

In order to further study the influence of crack depth ratios a/t on K, K at the deepest
point of the crack has been extracted for study. The variation of K at the deepest point of the
crack is shown in Fig. 9b. K gradually increases as the crack depth ratio a/t increases, and the
increasing trend of K becomes linear, indicating that the larger the crack depth ratio a/t, the
more prone the steel plate is to fracture failure.
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Fig. 9. SIF of a crack for different crack depth ratios: (a) variation of the crack SIF, (b) variation of SIF
at the deepest point of the crack

4.3. Effects of the crack aspect ratio on the SIF of a surface crack

To study the influence of crack aspect ratio on the SIF of a surface crack, different aspect
ratios a/c = 0.3, 0.4, 0.5, 0.6 and 0.7 have been considered. Meanwhile, the crack depth ratio
a/t = 0.5 has been taken to analyze the variation of K at different crack angles (.

The variation of the crack SIF for different crack aspect ratios is shown in Fig. 10a. When
the crack aspect ratio is a/c = 0.3, K firstly rapidly increases and then decreases gradually
with an increase of ¢. K gradually increases within the crack angle range ¢ = 0°-80°, and then
decreases gradually above 80°. When the crack aspect ratio is a/c = 0.4, K first slowly increases
with ¢, then gradually increases, and finally gradually decreases. K increases slowly within the
crack angle range ¢ = 0°-10°, and gradually increases within the range ¢ = 10°-80°, and then
gradually decreases above 80°. When the crack aspect ratio is a/c = 0.5, K slowly decreases
with an increase of ¢ first, then gradually increases and tends to be stable. K decreases slowly
within the range ¢ = 0°-10°, and gradually increases within ¢ = 10°-80°, then tends to be
stable above 80°. When the crack aspect ratio is a/c = 0.6, K firstly slowly decreases, and then
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it increases gradually with an increase of . K decreases slowly within the range ¢ = 0°-20°,
and gradually increases within ¢ = 20°-90°. When the crack aspect ratio is a/c = 0.7, K firstly
decreases, and then increases gradually with an increase of ¢. K gradually decreases within
p = 0°-20°, and gradually increases within the angles ¢ = 20°-90°. In order to further study
the influence of crack aspect ratios a/c on K, K at the deepest point of the crack has been
extracted for study. The variation of K at the deepest point of the crack is shown in Fig. 10b.
K gradually decreases with an increase of the aspect ratio a/c, indicating that the smaller the
crack aspect ratio is a/c, the steel plate is more prone to fracture failure.
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Fig. 10. SIF of a crack for different crack aspect ratios: (a) variation of the crack SIF, (b) variation of
SIF at the deepest point of the crack

As shown in Figs. 10a and 10b, the variation rule of K when the crack aspect ratio is
a/c < 0.5 is obviously different from that when a/c > 0.5, indicating that the crack aspect ratio
has a certain influence on the variation of K at different crack angles ¢. The maximum value of
the SIF K., appears at ¢ = 80° when the crack aspect ratio is a/c < 0.5, and the maximum
value of the SIF K., appears at the deepest point of the crack ¢ = 90° when the crack aspect
ratio is a/c > 0.5, indicating that the crack aspect ratio has a certain influence on the position
of the maximum value of the SIF K.

5. Conclusions

By analyzing the stress intensity factor of a steel plate with surface crack defects, the influence
of different crack positions, crack depth ratios and crack aspect ratios on the stress intensity
factor has been found. To a certain extent, the conclusions obtained in this paper can provide a
theoretical reference for the fracture failure analysis of steel plates.

e The SIF K firstly decreases and then gradually increases with an increase of the width
ratio D/W. The SIF K is the largest when D/W = 0, and the crack is an edge surface
crack, indicating that the edge surface crack has the greatest influence on the fracture
failure of steel plates. For a non-edge surface crack, K increases with an increase of the
width ratio D/W, and the maximum value of K appears at D/W = 0.5, that is, the
central surface cracks, indicating that for the non-edge surface crack, the central surface
crack has the greatest influence on the fracture failure of the steel plate.

e The SIF K firstly slowly decreases as the length ratio S/L increases, then gradually de-
creases, and the decreasing trend becomes larger. The maximum value of K appears at
S/L = 0.1, indicating that the closer is to the stress end, the larger K becomes. When
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S/L < 0.5, the variation of K value is small, and the maximum variation difference of K
value is 0.01 MPa-m'/2. The change of K is large when S/L > 0.5, indicating that the edge
surface cracks when S/L < 0.5, which has the greatest influence on the fracture failure of
the steel plate.

The SIF K gradually increases as the crack depth ratio a/t increases, and the increasing
trend of K tends to be linear, indicating that the larger is the crack depth ratio a/t, the
more prone the steel plate is to fracture failure.

The variation rule of K when the crack aspect ratio is a/c < 0.5 is obviously different
from that when a/c > 0.5, indicating that the crack aspect ratio has a certain influence
on the variation rule of K at different crack angles ¢. The position of the SIF K4, when
the crack aspect ratio is a/c < 0.5 is different from that when a/c > 0.5, indicating that
the crack aspect ratio has a certain influence on the position of the maximum value of the
SIF Kynae- K gradually decreases with an increase of the aspect ratio a/c, indicating that
the smaller is the crack aspect ratio a/c, the more prone to fracture failure is the steel
plate.
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