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Abstract: The traditional study on fatigue strength for ship structures usually focuses on high cycle
fatigue and ignores low cycle fatigue. However, given the recent trend towards large-scale ship
development, the stress and deformation experienced by ship structures are becoming increasingly
significant, leading to greater attention being paid to low cycle fatigue damage. Therefore, experimen-
tal and numerical studies on crack propagation behavior of cracked plates under low cycle fatigue
loads were carried out in this paper, in order to explain the fatigue crack propagation mechanism.
The effect of the stress ratio and maximum applied load on the crack propagation behavior was inves-
tigated by conducting experimental research on the cracked plate of AH32 steel. The experimental
results show that an increasing maximum applied load and decreasing stress ratio will shorten the
fatigue life of the cracked plate. Meanwhile, based on the finite element method, the distribution of
the stress—strain field at the crack tip and the effect of crack closure were evaluated. The influencing
factors such as the stress ratio and crack length were considered in numerical studies, which provided
anew way to study the low cycle fatigue crack propagation behavior.
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1. Introduction

Our foreign trade has flourished in recent years, and its dependence on the marine
environment and resources has increased substantially. Developing the marine economy
and building “maritime power” has become an inevitable choice for our economy to reach
anew level. The trend of large-scale development of ships is inevitable. However, given the
recent trend towards large-scale ship development, the stress and deformation experienced
by ship structures are becoming increasingly significant, leading to greater attention being
paid to low cycle fatigue damage.

The origins of the low cycle fatigue problem date back to the 1960s, when Manson
and Coffin [1] established the low cycle fatigue theory, respectively. Their research indi-
cated that plastic deformation of materials under high-stress amplitude loading was the
primary cause of fatigue damage in structures. As further research was conducted in this
area, both domestic and international scholars began to recognize the significance of low
cycle fatigue on ship structures [2-8]. In 1965, Dunham [2] conducted fatigue tests on
large submarine structures with full-scale models, observing crack propagation behavior
under low cycle fatigue loading. Later, Jordan and Cochran [3,4] investigated the fatigue
damage phenomenon of 86 ships in operation, finding that structural fatigue damage
was a crucial factor leading to the failure of ships. Munse [5] summarized the findings of
Jordan'’s research, developing S-N fatigue curves for locations prone to fatigue damage and
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proposing a fatigue strength assessment applicable to different hull components. Radek [6]
conducted low cycle fatigue tests using miniature test samples, which demonstrated that
cyclic parameters produced consistent results regardless of the varying sample volumes.

In the 1980s, researchers in domestic academia began to focus on studying the problem
of low cycle fatigue in ship structures. In 1991, Chen [9] conducted tests on large submarine
structures using scale models and employed similar theoretical approaches to analyze the
results. Building on Urm’s [10] work on low cycle fatigue in oil tankers, Cui [11] investigated
the causes of low cycle fatigue damage in ship structures and developed a nonlinear model for
calculating accumulative fatigue damage to predict their low cycle fatigue life. In 2008, Liu [12]
carried out experiments on 921A steel plates to study the behavior of crack propagation in
damaged ship structures under cyclic tensile loading, which served as a foundation for
subsequent predictions of low cycle fatigue in ship structures.

The cracked plate will gradually propagate under cyclic loading, and the stress and
strain field near the crack tip will change accordingly. The fracture parameters, such as
the stress intensity factor K [13-19], crack tip opening displacement (CTOD) [20,21], the J-
integral [22], the size of the reversed plastic zone [23-25], etc., are important factors to assess
the fatigue crack propagation life. Fatigue crack propagation research has been primarily
conducted by scholars from the perspective of the crack tip stress distribution [26,27] and
crack closure effect [28-30], etc., leading to several valuable conclusions [31-40]. When
a severe stress concentration occurs, plastic deformation arises in the surrounding area,
which gradually accumulates, eventually resulting in crack propagation. As the crack
tip passes through the plastic zone, a plastic trailing zone forms at the original crack tip,
creating a significant residual compressive stress at the crack tip. This residual compressive
stress causes crack closure, which affects the stress—strain field distribution near the crack
tip, ultimately reducing the effective stress intensity factor range and the crack growth
rate. Therefore, the paper will carry out experimental and numerical studies on the crack
propagation behavior of cracked plates under low cycle fatigue loads, in order to explain the
fatigue crack propagation mechanism. The effect of the stress ratio and maximum applied
load on the crack propagation behavior was investigated by conducting experimental
research on a cracked plate of AH32 steel. Meanwhile, based on the finite element method,
the distribution of the stress—strain field at the crack tip and the effect of crack closure
were evaluated. The influencing factors such as the stress ratio and crack length were
considered in numerical studies, which provided a new way to study the low cycle fatigue
crack propagation behavior.

2. Experimental Investigations on the Crack Growth Behavior of Cracked Plates under
Low Cycle Fatigue Loads

2.1. Experimental Setup

The experiments on low cycle fatigue crack growth were conducted on a 3 mm thick
steel plate with a central crack, and the standard used for the tests is ASTNE 647-05 [41].
The dimensions of the plate and crack are shown in Figure 1, where the initial crack length
is ag = 16 mm. The material used for the tests was AH32 steel, which is a high-strength
steel commonly used in the manufacturing of hull and deck components for ocean-going,
coastal, and inland waterway shipping vessels. The basic mechanical properties of the
material are listed in Table 1. The chemical composition of the material is as follows (in
weight percentage): Carbon (C) 0.18%, Aluminum (Al) 0.02%, Silicon (5i) 0.32%, Manganese
(Mn) 1.4%, Phosphorus (P) 0.04%, Sulfur (S) 0.04%, and Niobium (Nb) 0.02%.
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Figure 1. The geometric dimensions of central cracked plate.

Table 1. Mechanical behavior for AH32 steel.

Yield Stress (MPa) Ultimate Tensile Strength (MPa) Elastic Mogulus (GPa) POISSOI:/S Ratio
345 510 206 0.3

The experiments were conducted at room temperature of approximately 20-25 °C and
in the air. A computer-controlled servo-hydraulic test machine MTS322 (£250 kN) was used
in the testing process, as shown in Figure 2. Each specimen was subjected to load control at
a frequency of 1 Hz using a sine wave, with a maximum applied load of 95 kN and stress
ratios of 0, 0.1, and 0.2, respectively. The applied cyclic loads used in the present experiment
are categorized as low cycle fatigue loads due to the fact that the fatigue lives of smooth
specimens subjected to the same cyclic loads are shorter than 10,000 cycles. The crack length
was determined by a metallographic microscope connected to a video travelling microscope,
while an electronic extensometer was installed on both sides of the crack surface to measure
the crack opening displacement (COD). The test procedure for evaluating the behavior of a
cracked plate can be divided into three distinct steps. Firstly, the area around the crack is
carefully sanded to ensure a smooth surface, and strain gauges are affixed to collect data
on the crack tip strain value. After the preparation work, the cracked plate is fixed to the
MTS by bolts. Then, a single loading is required before cyclic loading to remove the initial
deformation of the cracked plate. Finally, the loading equipment program is adjusted,
and cyclic loading is performed while collecting data on COD using an extensometer and
observing the crack growth process using a metallographic microscope. The MTS is set
up with displacement protection to prevent excessive displacement caused by fracture
failure of the cracked plate to prevent damage to the machine. The loading conditions and
experimental results of AH32 steel are summarized in Table 2.

Table 2. Loading conditions and experimental results of AH32 steel.

Specimen No. Prax/kN Stress Ratio R Fatigue Life
01 95 0 2142
02 95 0.1 2455
03 95 0.2 4670

04 100 0.2 3425
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Figure 2. Scheme of fatigue crack growth test.

2.2. Experimental Result and Discussion

In order to study the impact of the maximum applied load and stress ratio on fatigue
crack growth behavior in cracked plates, a series of low cycle fatigue tests were performed.
As depicted in Figure 3, the results indicate that an increase in the maximum applied load at
a constant stress ratio leads to an increase in crack growth rate, resulting in shorter fatigue
life. Conversely, when the maximum applied load remains constant, an increase in the
stress ratio leads to a decrease in the crack growth rate, thereby prolonging the material’s
fatigue life. Figure 4 illustrates how crack opening displacement (COD) varies under
different stress ratios, revealing that the effect of various loads on COD differs. Specifically,
as the stress ratio increases, the value of COD does not change significantly during the
early stages, displaying an approximately linear relationship. However, once the crack has
propagated to a certain extent, the COD value begins to increase significantly until the plate
fractures. Notably, the change in COD value accurately represents the crack growth rate.
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Figure 3. The fatigue life vs. crack length.
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2.3. Observation of Fracture Morphology

In Figure 5, the fracture morphology of an AH32 steel specimen examined during
a fatigue test with a stress ratio R = 0.1 is presented. The prefabricated crack area has a
relatively smooth surface because it was produced using wire-cut EDM. It is noticeable that
there is a significant accumulation of plastic deformation near the crack tip region, and the
crack growth zone exhibits plastic slip, which is relatively smoother than the accelerated
growth zone. This phenomenon occurs due to the continuous stretching and extrusion of
the upper and lower surfaces of the crack during its growth process. As the crack enters
the accelerated growth zone, it primarily stretches instead of being extruded, resulting in
a comparatively rough section in this part. This section is similar to the fracture surface
observed in cases of static load damage.

accelerated growth  crack growth zone prefabricated crack zone
until fracture

Figure 5. The fracture morphology of cracked plate.

3. Numerical Analysis and Discussion

This paragraph describes a finite element (FE) analysis performed on a central cracked
plate under constant amplitude loading. To simulate high stress and strain gradients
near the crack tip more accurately, a singular element is adopted at the crack tip and a
refined mesh is used in the region around the crack, as shown in Figure 6. A 1/4 model is
considered due to symmetry with dimensions of length L = 100 mm, width w = 50 mm,
and initial crack length ag = 8 mm. Four-node plane-stress elements with full integration
(CPS4) are used in the FE mesh model. To simulate crack growth behavior better, a dynamic
crack growth approach is employed. This involves periodic release nodes, which allow the
crack to propagate gradually. Contacts and constraints are used to simulate the boundary
conditions. Specifically, contacts are arranged on both the upper and lower crack surfaces
and a rigid line is set at the partition interface to prevent the upper and lower surfaces
from crossing each other. The master surface refers to the rigid line, while the slave
surface pertains to the crack surface. Since there is no inclination for sliding to occur
between the contact surfaces, a friction coefficient of zero has been assigned. The process
begins with the bonding of nodes located on the contact surface, followed by the gradual
release of these nodes through low cycle fatigue loads to grow the crack. In this finite
element analysis, appropriate boundary conditions have been implemented by setting
X-symmetric constraints on the Y-axis and Y-symmetric constraints on the X-axis to account
for symmetry. The Chaboche kinematic hardening model has been utilized to accurately
capture the elastic-plastic stress—strain behavior of the component with a crack. This model
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is particularly suitable for materials exhibiting Masing-type behavior. The cyclic plasticity
model parameters have been optimized based on fatigue experimental data from AH-32
steel and are presented in Table 3.

0.05 x 0.05mm

¥

it
(a) The FE model (b) The refined region

Figure 6. FE model and refined mesh.

Table 3. Parameters of the Chaboche model.

E =206 GPa V=03 Q=72MPa k=8MPa

Cy=314310 Cp=28,071 C3=1950
X1 = 800 Xy = 321 X3 = 0

To balance between accuracy and computational time, it is necessary to select an ap-
propriate refined mesh size. In this study, three mesh sizes of 0.1 x 0.1 mm, 0.05 x 0.05 mm,
and 0.02 x 0.02 mm were used to simulate fatigue crack propagation under a constant
amplitude cyclic load with a maximum load of Prmax = 95 kN and a stress ratio of R = 0.1.
As can be seen from Table 4, there types of mesh were considered to calculate the crack
closure parameter U, and the difference between the three mesh sizes was relatively small.
While the 0.1 x 0.1 mm mesh may provide an overall assessment of a good economy, it
falls short in accurately simulating the stress distribution at the crack tip. To address this
limitation, a refined mesh of 0.05 x 0.05 mm is employed in the FE model. This refined
mesh offers the dual advantage of efficient computation time and accurate simulation of
stress distribution.

Table 4. Results of convergence study.

Mesh Size Crack Closure Parameter U Difference/%
0.1 x 0.1 mm 0.725 1.11
0.05 x 0.05 mm 0.717 -
0.02 x 0.02 mm 0.713 0.56

To validate the rationality of the numerical model, a finite element analysis was
performed with a stress ratio of 0.1. The obtained stress—strain curve from the analysis
was then compared with the experimental stress—strain curve, as shown in Figure 7. From
Figure 7, it can be observed that the experimental and numerical stress—strain curves are in
good agreement, indicating that the chosen material parameters in the FE model accurately
reflect the stress—strain behavior of the material and the rationality of the numerical model.
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Figure 7. Comparison of stress—strain curves.

3.1. Analysis of Crack Opening Displacement

The opening and closing of crack opening displacement (COD) can better reflect the
change in the crack surface during the crack propagation process. Figure 8 shows the
variation of COD under different stress ratios and a maximum applied load of 95 kN. It is
evident that the crack is closed at the minimum applied load, with increasing stress ratios
leading to larger closure effects. This implies that higher stress ratios tend to bring the
crack surfaces closer together, thereby hindering crack propagation. Furthermore, the COD
is reduced at the maximum applied load with an increasing stress ratio, primarily due to
a decrease in effective driving stress. As the stress ratio increases, the proportion of the
applied load that contributes to driving the crack further decreases. Consequently, the
crack growth rates are reduced due to the reduced driving force. This finding indicates that
higher stress ratios exacerbate the crack closure phenomenon, resulting in reduced crack
growth rates, and ultimately causing a retardation effect.
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Figure 8. The variation of COD (a) at minimum applied load and (b) at maximum load.

3.2. Analysis of Crack Tip Stress Field

The loading and unloading of cyclic loads can cause changes in the stress field at
the crack tip, leading to crack closure and propagation behavior. Figure 9 illustrates the
distribution of the normal stress, 0y, at the crack tip in the y = 0 plane at maximum and
minimum applied loads, respectively. It is evident from Figure 9 that plastic deformation
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occurs behind the crack tip as the load gradually decreases to the minimum applied load,
resulting in a compressive stress field that partially closes the crack. As the crack length
increases, the residual compressive stress at the crack tip remains almost constant. However,
the stress concentration at the crack tip can cause the material to enter a reverse yielding
state. Upon loading to the maximum applied load, the crack opens and enters the forward-
yielding state, resulting in tensile plastic strain. This analysis indicates that during cyclic
loading and unloading, the crack tip experiences reciprocal action between forward and
reverse yielding states, leading to the gradual accumulation of plastic strain and prompting
crack propagation.
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Figure 9. The distribution of crack tip stress field (a) at minimum applied load and (b) at maxi-

mum load.

3.3. Analysis of Crack Closure Parameter

The load ratio parameter U, which is commonly employed to characterize the devel-
opment of crack closure during fatigue crack propagation, can be expressed as:

U= Kmax - Kop

Kmax - Kmin

)

where Kmax is the maximum intensity factor, Ky, is the minimum intensity factor, and Kop
is the intensity factor with respect to the crack opening load. The load parameter takes
values between 0, which indicates complete crack closure, and 1, which corresponds to the
fully open crack condition.

Figure 10 illustrates the load ratio parameter U for different stress ratios, with a
comparison between the numerical simulation and test results, where the solid lines
represent the FE results and the solid circles represent the test results. The results show that
as the stress ratio increases, the load ratio parameter also increases while the crack closure
effect weakens. This is because larger stress ratios increase the minimum stress level, which
offsets some of the residual compressive stress at the crack tip that promotes crack closure.
Consequently, the crack closure effect diminishes. While Figure 10 shows noticeable
differences between the experimental and numerical results, the latter demonstrates a
more prominent crack closure effect. The average errors in the load ratio parameter for
increasing stress ratios are 3.6%, 3.9%, 4.1%, and 4.4%, respectively. Possible reasons for
these errors include the idealized numerical simulation of the crack without accounting
for blunting at the crack tip, which affects the level of crack closure. Additionally, the
extensometer’s relatively large distance from the crack tip in the experiment may have
resulted in small measured results due to its insensitivity. Lastly, processing procedures
and the initial defects of the specimen could also contribute to measurement errors.
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Figure 10. The crack closure level under different stress ratios.

3.4. Relationship between Accumulative Plastic Strain and Crack Closure Parameter
3.4.1. Study of Crack Closure Mechanism and Evolution of Accumulative Plastic Strain

The phenomenon of crack closure is closely linked to the accumulative plastic strain
at the crack tip. When a crack propagates, the plastic zone ahead of the crack tip affects
the formation of the trailing zone, while the crack closure effect influences the stress—
strain distribution in the vicinity of the crack tip, thus slowing down the crack growth
rate. The accumulative plastic strain at the crack tip has two impacts on the crack closure
phenomenon. Firstly, it affects the current crack length’s crack closure effect, and secondly,
it influences the residual compressive stress field in the trailing zone of the new crack tip
after crack propagation due to the irrecoverable deformation formed at the previous crack
tip, which in turn affects the crack closure effect.

Based on Figure 11, it can be observed that the accumulative plastic strain at the crack
tip experiences a peak value, followed by a decreasing trend, which is primarily influenced
by the preceding hardening process [42]. The initial peak value of the accumulative plastic
strain plays a significant role in facilitating crack closure, while the residual trailing zone
gradually forms as the crack propagates. As a result, the residual compressive stress in
the trailing zone becomes the primary source of crack closure. During the initial stage of
crack propagation, the accumulative plastic strain at the crack tip first decreases and then
stabilizes, with a corresponding decrease and stabilization of the crack closure parameter.
This indicates that the stability of the accumulative plastic strain is closely related to the
crack closure effect. As the crack continues to propagate, the accumulative plastic strain
at the crack tip slowly increases, while the crack closure parameter remains unchanged.
Once the crack length reaches a certain point, the accumulative plastic strain at the crack tip
becomes larger, causing the crack closure parameter to exhibit a slow increase. In a related
study [43], the reduction of the crack closure effect typically occurs only when the crack
length is longer, but their study involves low load levels. In contrast, the present study
involves higher low cycle fatigue loads, suggesting that the reduction in the closure effect
may occur earlier under higher load levels.
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Figure 11. Relationship between accumulative plastic strain and crack closure parameter.

3.4.2. The Evolution of Residual Compressive Stress Field

The portion of the crack surface that is closed can bear some of the load, which reduces
the stress—strain field at the crack tip and consequently lowers the level of accumulative
plastic strain. Conversely, an increase in accumulative plastic strain can result in a lower
crack contact stress, which leads to a reduced crack closure effect. These two factors have
a reciprocal influence on each other. The residual compressive stress field in the trailing
zone is the primary determinant of the level of crack closure. Therefore, investigating
the relationship between the accumulative plastic strain at the crack tip and the residual
compressive stress field in the trailing zone can indirectly reveal the connection between
the accumulative plastic strain at the crack tip and the crack closure effect.

The stress distribution near a crack tip was studied at minimum load for a stress
ratio of R = 0, with different crack lengths. The relationship between the accumulative
plastic strain and the residual compressive stress field at the crack tip was analyzed in
Figure 12. Figure 12a indicates that as the crack length increased from 0.6 mm to 1.2 mm,
the accumulative plastic strain decreased initially, but then stabilized. Meanwhile, the
residual compressive stress increased consistently, which aligns with the observation that
the crack closure parameter decreased and the crack closure effect increased. In Figure 12b,
when the crack length increased from 1.2 mm to 1.8 mm, there was no significant change
in the accumulative plastic strain or the corresponding residual compressive stress field.
As a result, there was no notable effect on the crack closure effect, and the crack closure
parameter remained stable. Figure 12c showed that as the crack length grew from 1.8 mm
to 4.5 mm, the accumulative plastic strain increased continuously, while the residual
compressive stress decreased slowly. This decrease is a crucial factor behind the reduction
in the crack closure effect.

According to the above analysis, it is concluded that the residual compressive stress
field in the trailing zone is more indicative of the level of crack closure. As the accumulative
plastic strain at the crack tip increases, the residual compressive stress decreases, which in
turn reduces the effectiveness of crack closure.
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3.4.3. The Effect of the Stress Ratio

Figure 13 shows the effect of the stress ratio on accumulative plastic strain and crack

closure parameters. It can be observed that when the stress ratios are 0.1, 0.3, and 0.4,
the corresponding crack closure parameters at steady state are 0.717, 0.771, and 0.82, re-
spectively. The corresponding range of decrease in accumulative plastic strain is 1.29%,
1.04%, and 0.95%, respectively. It is evident that a smaller stress ratio results in a smaller
crack closure parameter, as well as a greater reduction in the range of accumulative plastic
strain. The data suggest that an increase in the crack closure effect can lead to a decrease
in accumulative plastic strain, with both factors tending to stabilize at a later stage. Addi-
tionally, the length of the crack has an influence on its propagation behavior. During the
final stages of crack propagation, an increase in accumulative plastic strain may hinder the
crack closure effect, causing the crack closure parameter to gradually increase. This trend is
primarily due to a decline in the residual compressive stress field behind the crack tip.



J. Mar. Sci. Eng. 2023, 11, 1436

12 of 14

0028 ]
0.028 J°
0.024
0.022
0.020
0.028 ]
0.026 ]
0.024 ]

0

accunulatuve plastic strain

1.00
095 ]

050 4

- 0854
0.0
075
070 ]

00

Figure 13. The effect of stress ratio.

4. Conclusions

A study was conducted to examine the behavior of crack propagation of cracked
plates subjected to low cycle fatigue loads. Both experimental and numerical methods
were employed to investigate the effect of the stress ratio and the initial crack length on
the crack propagation process. The findings shed new light on the low cycle fatigue crack
propagation behavior and offer a fresh perspective for future research. Some conclusions
can be drawn:

(1) The test was conducted on AH32 steel plates to investigate the effect of maximum
applied load and stress ratio on crack growth behavior. The results show that the increasing
maximum applied load and decreasing stress ratio will shorten the fatigue life of cracked
plates.

(2) A numerical analysis of a cracked plate was carried out to study the distribution of
the stress—strain field and crack closure parameter. The study found that an increase in the
stress ratio led to a rise in the residual compressive stress in the trailing zone, resulting in
lengthened crack closure and an amplified effect. Additionally, the crack closure effect and
accumulative plastic strain at the crack tip influenced the crack growth rate.

(3) The crack closure effect is influenced by the residual compressive stress in the
trailing zone. Higher residual compressive stress enhances the effect, while crack closure
weakens the stress—strain field at the crack tip, suppressing accumulative plastic deforma-
tion. As accumulative plastic deformation increases, the compressive stress in the trailing
zone decreases, weakening the closure effect. This interaction is important for studying
low cycle fatigue.
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