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ABSTRACT The crack propagation mechanism of thick plates is difficult to describe accurately, and thus,
it is difficult to predict the lifetimes of thick plate structural cracks in extreme construction environments.
In this paper, a theoretical model of the time-integrated crack propagation that accounts for the thickness
effect is established. The constraint factor is introduced to characterize the thickness effect of crack
propagation, and the constraint factor formula was obtained by fitting the experimental results. The results of
the fatigue crack growth tests and the crack propagation theoretical predictions for Q345D specimens showed
the time-integrated crack propagation model predicts the crack propagation more accurately in the initial
stage and during the stable expansion stage of crack propagation. These results have guiding significance
for the fatigue life prediction of equipment with thick plate structural features.

INDEX TERMS Thick plate, crack propagation, crack closure, fatigue test, time integration method.

I. INTRODUCTION
Fatigue failure is one of the most important factors for
the working efficiency of engineering equipment, and it is
affected by material, by loading, by the thickness and by
the environment. The fatigue of metal is divided into two
stages: crack initiation and crack propagation. For material,
the fatigue life is equal to the sum of crack initiation life and
crack extension life, and the crack initiation life is greater
than the crack extension life. For thick plate components
of engineering equipment, such as tunnel boring machine
cutters, large excavator buckets, and large engine casing parts,
it is generally believed that the fatigue life is equal to the crack
extension life; that is, the crack initiation life is not factored
in [1]. In general, for thick metal components, the crack tip
has a complex three-dimensional stress state; that is, not a
plane stress state or a plane strain state. Furthermore, plates
of different thicknesses have large differences in crack prop-
agation characteristics. Therefore, for the structural charac-
teristics of thick plates, it is imperative to study the crack
propagation mechanism and accurately predict the fatigue
lives.

The associate editor coordinating the review of this manuscript and
approving it for publication was Poki Chen.

There has been considerable research on crack
propagation. The Paris formula is the most common classical
crack propagation model. Since this formula was presented,
researchers have considered the fracture threshold Kth,
the stress ratio R, the crack closure effect, the crack tip stress
relaxation, and other factors, and have repeatedly revised
the Paris formula. Meanwhile, new models have also been
proposed. Typical models include the Mc Evily model [2],
Walker formula [3], Forman formula [4], Newman model [5],
and Elber formula [6]. Mohanty et al. [7], [8] proposed
an index model for crack propagation under banner load-
ing and overload conditions, which can accurately predict
the second and third stages of fatigue crack propagation.
Jones et al. [9] proposed a fatigue life prediction method
based on the Dugdale model. Lu and Liu [10] proposed a
two-dimensional surface crack propagation model under a
plane stress state, which avoids the problem of load loss and
loading sequence in the cyclic counting method when dealing
with variable amplitude loads. Chen et al. [11] proposed a
theoretical model for fatigue crack growth caused by nine
parameters by modifying the McEvily model and explained
overload hysteresis and low-load acceleration under over-
load conditions to effectively predict the crack propagation
behavior. Shi et al. [12] proposed a type I fatigue crack
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growth rate model using the strain energy failure mecha-
nism in the plastic zone of tip stress crack propagation and
verified the model using multi-axis metal material fatigue
crack propagation data to predict safety. Bao et al. [13]
introduced two energy-based predictive models to predict
the fatigue crack growth behaviors of traditional compact
tension (CT) and small-sized C-shaped inside edge-notched
tension (CIET) specimens with different thicknesses and load
ratios. Different values of the effective stress ratio U were
employed in the theoretical fatigue crack growth models to
correct for the effect of crack closure. Correia et al. [14]
used the normalized fatigue crack growth model proposed
by Castillo et al. to propose a general fatigue life prediction
method based on structural details using fracture mechanics.
The cyclic J-integral range was used instead of the stress
intensity factor range as a reference parameter to extend the
CCS model. Irwin [15] first proposed the use of constraint
factors to describe the effect of thickness on crack propaga-
tion and used the constraint factor to correct the crack growth
rate. Subsequently, Newman et al. [16], [17], Newman [18]
obtained the relationship between the crack growth rate and
the stress intensity factor of an aluminum alloy under differ-
ent stress ratios based on a test method. The constraint factor
of the 2.3 mm aluminum alloy sample was reversed, and
the constraint factor and crack opening ratio were compared.
J.J. Schubbe [19] and others performed experimental studies
of the effect of plate thickness on the crack growth rate
of 7050-T7451 aluminum alloy thick plates. Huo et al. [20]
and Sun et al. [21], [22] modified a small-timescale crack-
growth model to predict the crack-growth lifetime of a Tun-
nel Boring Machine(TBM) cutterhead based on the plane
stress/strain transition condition. Yu et al. [23] studied the
plastic closure phenomenon in crack propagation. Based on
simulations and a theoretical derivation, the thickness effect
in the crack propagation was characterized by the constraint
factor. A crack closure model accounting for the thickness
influence was proposed. The model also considered the effect
of the stress ratio. Shang et al. [24] proposed a closed-
form theoretical crack tip driving force model using simple
expressions for static and fatigue crack propagation along a
linear yield strength gradient (YSG) based on the Dugdale
criterion. A difference of material-toughening mechanisms
between smooth and sharp strength gradients was revealed
both theoretically and numerically. Hu et al. [25] introduced
a cohesive zone model (CZM) that accounted for the fracture
process zone (FPZ) located in front of the crack tip using a
new singular finite element method to study fatigue crack
growth under variable amplitude cyclic loading (VACL).
The cohesive stresses were converted to nodal forces of the
singular element, and the plastic zone length(PLZ) can be
solved numerically by iteration. Yu and Guo [26], [27], Xiang
and Guo [28], Guo et al. [29] proposed a model for three-
dimensional crack propagation under the action of a spectral
load based on the influence of the thickness on the plastic
zone of the crack tip. The influence of the stress ratio and
sample thickness on the crack propagation life was discussed.

In summary, many scholars have made achievements in the
research of crack propagation mechanisms and prediction of
the crack propagation lifetimes in thick plates. Most of the
crack growth ratemodels are based on solving for stress inten-
sity factors, considering the stress ratio, fracture toughness,
and threshold value. These models take the stress cycle as the
smallest unit tomeasure the crack growth. However, the stress
of the actual mechanical structure in service is random, and
the information will inevitably be lost when the stress time
history is transformed. Thus, there is still not a model that can
accurately describe the characteristics of crack propagation.

Therefore, by introducing the constraint factor, the plastic
deformation zone and crack opening displacement of the
crack tip under the plane stress state were modified, and
a theoretical model of the time integral crack propagation
including the constraint factor is proposed. The constraint
factor was fit using the Q345D thick plate fatigue test. Fur-
thermore, the crack propagation lifetime prediction at any
timescale for a finite thickness plate with a variable amplitude
load in the stable expansion stage was realized.

II. MATERIALS AND METHOD
A. CRACK TIP STRESS FIELD
A fatigue crack that extends across the thickness is called a
through-thickness crack. If the fatigue load is only tensile,
the leading edge of the crack is perpendicular to the material
surface, as shown in Fig 1 (a). For a crack in an infinite plate
under tension, the crack tip can be regarded as an elliptical
hole with zero height, and the approximate solution can be
obtained in polar coordinates for the limit stress at a point
close to the crack tip. In theory, the stress tends to be infinite
at the crack tip. In fact, due to the excessive stress at the crack
tip, a small plastic zone appears at the crack tip, where the
infinite peak stress is flattened. As shown in Fig 1 (c), rp is
the size of the plastic zone. Due to the shrinkage of the plastic
zone, the plastic zone at the crack front is much smaller than
the thickness of the thick plate with a penetrating crack, and
the lateral shrinkage at the crack front will be limited. At this
stress level, the free surface near the two sides of the thick
plate is in a plane stress state, and the region from the plane
strain state to the plane stress state is transited. The width is
rp, and the thick plate is in the plane stress state, as shown
in Fig 1 (b).

Assuming elastic behavior, the stress at a point near the
crack tip is expressed as follows:

σx =
KI
√
2πr

cos
θ

2

(
1− sin

θ

2
sin

3θ
2

)
σy =

KI
√
2πr

cos
θ

2

(
1+ sin

θ

2
sin

3θ
2

)
τxy =

KI
√
2πr

sin
θ

2
cos

θ

2
cos

3θ
2
, (1)

where σx is the x-direction stress, σy is the y-direction stress,
τxy is the shear stress of the x-y plane, KI is the crack stress
intensity factor, r is the distance from a point near the crack
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FIGURE 1. Three-dimensional crack front stress field of thick plate.
(a) Type I crack. (b) Stress field of crack front. (c) Stress distribution of
crack front.

tip to the crack tip, and θ is the plane of the crack propagation
plane angle.

B. THEORETICAL PREDICTION MODEL OF TIME
INTEGRATION CRACK PROPAGATION
Due to the thick plate effect at the crack front, the plastic
flow at the fatigue crack tip is restricted and the stress state
at the crack tip changes significantly. The stress state at the
crack front exists in a plane stress state, plane strain state, and
transition state, and the crack propagation rate also changes.
In this paper, a constraint factor is introduced to characterize
the effect of the thickness on the crack propagation for a
finite thickness component. By modifying the plastic zone
at the crack tip and crack opening displacement, a crack
propagation model for a thick plate based on time integration
is proposed. The flow chart is shown in Fig 2.

It can be seen in Fig 2 that an extended model of the crack
was established based on the crack opening displacement and
the instantaneous increment of crack propagation. Based on
the correction of the forward plastic zone and the reverse
plastic zone of the crack front, the threshold of crack prop-
agation was obtained. The simultaneous crack propagation

FIGURE 2. Process of time-integrated crack propagation model
considering thickness.

FIGURE 3. Schematic diagram of crack tip expansion [10].

model and the threshold model were used to establish a time-
integrated crack propagation model that included the param-
eters of the constraint factors to be determined. Through the
rigid specimen fatigue test of a thick plate with a constant
amplitude load, the constraint factor formula was obtained
through fitting, and the time-integration method for a pen-
etrating crack fatigue expansion model accounting for the
thickness effect was established. Finally, a fatigue test of a
compact fatigue specimen with variable amplitude load was
applied to validate the model.

1) SURFACE CRACK PROPAGATION MODEL UNDER PLANE
STRESS STATE
Based on the time-integrated surface fatigue crack propaga-
tion model proposed by Lu the fatigue crack tip expansion at
any time and crack length under a normal amplitude load is
shown in Fig 3 [10].

The dotted line in Fig 3 indicates the leading edge of the
crack at time t , the solid line indicates the crack leading edge
at the time t + dt , da is the extended length of the crack
under a cyclic load, and dδ/2 indicates the crack tip opening
displacement (CTOD) under the same cycle load. θ represents
the crack opening angle (CTOA), and the crack propagation
length and crack opening displacement at times t and t+dt in
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FIGURE 4. Plastic zone of crack tip under constant amplitude loading[10].

a cycle can be obtained based on the geometric relationship
in Fig 3:

da =
cot θ
2

dδ. (2)

Based on the strip yield model proposed by Liu et al. [30],
the crack opening displacement during loading and unloading
under a plane stress state is:

δreloading = δmin,m +
1
2λ

(
σ −max

(
σmin,m, σref ,m

))2 a, (3)

δunloading = δmax,m −
1
2λ

(
σmax,m −max

(
σ, σref ,m

))2 a, (4)
λ = 3π/8Eσy, (5)

where E is the elastic modulus, σy is the yield strength of the
material, δmin,m is the crack opening displacement after m-
th stress unloading, δmax,m is the crack opening displacement
afterm-th stress loading cycle, σ represents the nominal stress
value of the (m+1)-th stress cycle, σmin,m is theminimum load
of them-th stress cycles, σmax,m represents themaximum load
of the m-th stress cycles, a represents the crack length under
the current load cycle, and σref ,m is the fatigue crack growth
threshold of the m-th stress cycle.

2) THEORETICAL MODEL OF TIME INTEGRAL CR-ACK
PROPAGATION PREDICTION UNDER CONSTANT AMPLITUDE
LOAD
In the entire process of increasing cyclic stress, the crack
tip inevitably produces forward and reverse plastic zones.
The crack propagates only when the boundary of the forward
plastic zone generated by the new load exceeds the boundary
of the reverse plastic zone generated when the previous load
is unloaded (as shown in Fig 4), satisfying rf = rp. The
crack growth threshold is calculated by using the well-known
formulas of forward and backward plastic zone size. Crack
growth will occur only when the stress under load exceeds
the crack growth threshold.

The constraint factor α is introduced to consider the influ-
ence of the stress state change on the plastic zone of the crack
tip due to the thickness effect [31], and the yield stress is
corrected to obtain the effective yield stress ασy. The forward
plastic zone is calculated using the Irwin formula [32]:

rf =
1
2π

(
K∗

ασy

)2

, (6)

K∗ =
(
σref − σmin

)√
πa, (7)

where σy is the yield stress of the material.

The backward plastic zone was calculated using the
method proposed by McClung [33]:

1rp =
1
2π

(
1Keff

2ασy + (σc − σmin)

)2

, (8)

where σc is the crack closure stress, σc = σref ; 1Keff is the
effective stress intensity factor amplitude, 1Keff = σmax-σ ,
σref is the crack propagation threshold, σmin is the minimum
stress in the cyclic load, and σmax is the maximum stress in
the load cycle.

The threshold of crack propagation is

σref

=
−
(
3ασy−2Rσmax

)
2

+

√(
3ασy−2Rσmax

)2
−4σmax

[
R2σmax−(2R+ 1) ασy

]
2

, (9)

where R is the stress ratio, R = σmin/σmax , and σmax is the
maximum stress in the load cycle.

In the process of cyclic loading, differentiating the crack
opening displacement δ of the loading section yields

dδreloading =
λ

a
a
(
σ − σref ,m

)
dσ +

λ

2a

(
σ − σref ,m

)2 da.
(10)

The crack opening displacement formula is obtained by
differentiating with respect to time t on both sides:

1
a
da
dt
=

2λ
(
σ − σref ,m

)
cot θ

2− λ
(
σ − σref ,m

)2 cot θ dσdt . (11)

It can be seen from the above formula that after obtaining
the stress time history of the crack tip, the time is integrated
to obtain the amount of crack propagation. When the stress in
a cycle changes from σmin to σmax , the crack length extends
from a0 to a0 + 1a under the constant amplitude load. Due
to the crack closure effect, the crack propagates only when
the stress σ is larger than the crack propagation threshold
σref ,m in the current cycle. For the above integral, the crack
propagation length under a constant amplitude load can be
obtained:

1a =
da
dN
=
a0 · C · λ ·

(
σmax − σref ,m

)2
2− C · λ ·

(
σmax − σref ,m

)2 , (12)

C = cotθ/2. (13)

3) TIME INTEGRAL CRACK PROPAGATION PREDICTION
MODEL UNDER VARIABLE AMPLITUDE LOAD
The crack leading edge under a variable amplitude load is
shown in Fig 5.

During the cyclic load loading process, the variable ampli-
tude load begins when the crack propagation length is aol ,
and the reverse plastic zone generated is 1rp,ol when the
cyclic load is unloaded. For the crack propagation length a,
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FIGURE 5. Plastic zone of crack tip under variable amplitude load [10].

the forward plastic zone size under the current load is rf . The
threshold condition for crack propagation when the variable
amplitude load occurs is:

aol +1rp,ol = a+ rf (14)

The constraint factor α is introduced to consider the influ-
ence of the stress state change under the thickness effect on
the plastic zone of the crack tip. The effective yield stress is
ασy.

rf =
1
2π

(
1K
aσy

)2

, (15)

1rp,ol =
1
2π

( (
σmax,ol − σref

)√
πaol

2aσy +
(
σref − σmin,ol

))2

. (16)

The corresponding crack propagation threshold is:

σref

=
−
(
3aσy−2Rσmax

)
2

+

√(
3aσy−2Rσmax

)2
−4σmax

[
R2σmax−(2R+ 1) aσy
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2

(17)

Considering the crack blunting caused by the variable
amplitude load, the threshold stress correction factor η is
introduced to correct the crack propagation threshold when
the crack propagation threshold is solved:

σeqref = ησref , (18)

where η is the threshold correction factor, and the values
of the threshold correction factors for different materials are
different, generally between 1.3 and 1.6. σeqref is themodified
equivalent crack propagation threshold,

In the process of cyclic loading, differentiating the crack
opening displacement δ of the loading section can be
obtained:

dδreloading =
λ

α
a
(
σ − σeqref ,m

)
dσ

+
λ

2α

(
σ − σeqref ,m

)2 da. (19)

The crack opening displacement formula is obtained by
differentiating with respect to time t on both sides:

αda
Cλa
=

2
(
σ − σeqref ,m

)
dσ

2− C (λ/α)
(
σ − σeqref ,m

)2 . (20)

When the internal stress of a cycle changes from σmin
to σmax , the crack length is extended from a0 to a0 + 1a
under the variable amplitude load. Due to the existence of the
crack closure effect, the crack propagates onlywhen the stress
σ is larger than the crack propagation effective threshold
σeqref ,m in the current cycle. For the above formula, the crack
propagation length under arbitrary load can be obtained:

1a =
da
dN
=
a0 · C · (λ/α) ·

(
σmax − σeqref ,m

)2
2− C · (λ/α) ·

(
σmax − σeqref ,m

)2 . (21)

Based on the constraint factor and the threshold correction
factor, a crack propagation length calculation model for thick
plate structures under arbitrary loads is established consider-
ing the stress ratio and crack closure effect.

C. CONSTRAINT FACTOR MODEL BASED ON FATIGUE TEST
First, the undetermined coefficient was used to modify the
constraint factor model using the constraint factor calculation
model proposed by Yu and Guo [27]. Second, the Q345D
compact tensile specimen was used to carry out the fatigue
crack growth test, and the experimental results were brought
into the established time integral crack propagation predic-
tion model to obtain the constraint factor of the correspond-
ing thickness. Finally, the constraint factor was included
in the model, and the final constraint factor model was
obtained.

1) CONSTRAINT FACTOR MODEL
According to the study by Yu and Guo [27], the size of the
constraint factor is related to the thickness of the plate and
the size of the plastic zone:

a = g
(
rp/B

)
, (22)

rp =
π

8

(
Kmax

σy

)2

, (23)

g (x) =
1+ a(

√
x + 2x2)

1− 2ν + b(
√
x + 2x2)

, (24)

where B is the thickness of the sample and rp is the plastic
zone size when the crack begins to expand stably. The plastic
zone size rp is modeled using the Dugdale-Barenblatt model.
Kmax is the maximum stress intensity factor under alternating
stress, σy is the yield stress of the material, and a and b are
coefficients to be determined.

2) FATIGUE EXPANSION EXPERIMENT UNDER CONSTANT
AMPLITUDE LOAD
a: EXPERIMENTAL SAMPLE
The compact tensile fatigue specimen developed following
the GBT6398-2000 standard [34] was used for this experi-
ment.

b: TEST EQUIPMENT AND INSTRUMENTS
Our research group established a set of fatigue test benches,
as shown in Fig 6 below. These were mainly composed of a
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base, gantry, actuator, hydraulic station, controller, computer,
cooling station, and fixture. The base was fixed to the ground,
and the gantry and the base were fixed by bolts. The end of
the actuator was mounted to the gantry, and the actuator end
and sample were fixed. The hydraulic station provided a load
for the actuator to achieve fatigue test loading. The cooling
station cooled the loading system using hydraulic oil. The
clamp was fixed to the base by bolts.

c: FATIGUE EXPANSION TEST
Artificial cutting was performed by wire cutting to facilitate
fatigue crack initiation. Subsequently, 2 mm fatigue cracks
were prefabricated by a high amplitude cyclic load, and the
fatigue tests were initiated. In the crack propagation exper-
iment, the crack propagation of the compact tensile speci-
men was measured in real time by means of an industrial
camera and a Vernier caliper, and the number of cycles was
recorded.

3) DETERMINATION OF CONSTRAINT FACTOR PARAMETERS
First, the relationship between the nominal dynamic stress
and crack length a0 on the crack propagation path of the
compact tensile specimens was established using a quasi-
static method. Second, the dynamic stress and experimental
crack growth rate were substituted into the time-integral crack
growth prediction model, and the constraint factor of the
corresponding thickness was calculated. Third, the dynamic
stress and the experimental crack propagation rate were sub-
stituted into the established time integral crack propagation
model, and the constraint factor of the corresponding plate
thickness was calculated. Finally, the experimentally cal-
culated constraint factor was used in the constraint factor
model, and the relevant parameters of the constraint fac-
tor model were obtained to form the final constraint factor
formula.

a: DYNAMIC STRESS SOLUTION
By solving for the unit stress generated by the unit load
at different positions and multiplying the result by the
actual load time history, the dynamic stress of the com-
ponent can be obtained. Finally, the solved dynamic stress
components were superimposed to solve the final dynamic
stress:

σ(t) =
∑

p(t)
σ

F
, (25)

where P(t) is the external load of the fatigue test.
Using the finite element analysis method, a unit static force

F was applied to the two semi-circular holes of the sample
model. The length of the crack incision was increased and
the nominal tensile stress σ at the midpoint of the different
crack lengths was extracted. Subsequently, the expression of
the unit tensile stress σ/F and the fatigue crack length a0 of
the compact tensile specimen was obtained and multiplied
by the load spectrum function to obtain the dynamic stress
function.

FIGURE 6. Fatigue test and crack measuring instrument. (a) Fatigue test
bench. (b) Fixture. (c) Compact tensile test specimen. (d) Industrial
camera.

b: CONSTRAINT FACTOR
Fatigue crack propagation results of samples with different
thicknesses obtained by experiment. The experimental results
were brought into the established time integral crack propa-
gation model, and the constraint factors of the corresponding
plate thickness were obtained.
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FIGURE 7. Crack growth curves of CT specimens with two thickness under
constant amplitude loading.

TABLE 1. Dimensional parameters of compact tensile specimens.

c: CONSTRAINT FACTOR MODEL PARAMETER
DETERMINATION
Based on the constraint factors of the samples with different
thicknesses, the regression constraint factor formula can be
used to find the undetermined parameters in the formula, and
the final constraint factor calculation model is obtained.

D. CRACK PROPAGATION EXPERIMENT OF C(T)
SPECIMEN UNDER CONSTANT AMPLITUDE LOAD
An artificial cut was introduced using a wire cutting to facil-
itate fatigue crack initiation. A prefabricated 2 mm initial
fatigue crack was exposed to a variable amplitude load with
Pmax = 30 kN and Pmin = 8 kN. Subsequently, the load was
transferred to the maximum load for the experiment in two
stages, and the fatigue test was initiated. The load spectrum
function was as follows:

P(t) = 13+ 7 sin (20π t) . (26)

The constant crack propagation experiments were carried
out in 2 groups with a total of 6 compact samples. The
samples and parameters are shown in Fig 7(a) and Table 1,
in which there are three 8 mm thick specimens and three
10 mm thick specimens. The sample material was Q345D.
The width of all the samples was 100 mm. The initial crack
depth was 30 mm, and the slit width was 4 mm. For the
Q345D material, the crack opening angle was 11.5◦, and the
threshold correction factor was 1.6 [20].

Real-time measurements of the crack propagation in
compact tensile specimens were obtained using industrial
cameras and Vernier calipers in the constant-load crack prop-
agation experiments. The loading was stopped, but the load

was not removed when making the crack length measure-
ments. At the time of measurement, the crack length of two
surfaces of the specimen were measured. The average of the
two measurements were used as the crack extension length at
this time, and the number of cycles was recorded.

After obtaining the crack propagation results of the two
sets of samples, the average crack propagation results of
the three samples with the same thicknesses were averaged.
Respectively, the crack propagation length a and the number
of cycles N of a compact tensile specimens with thicknesses
of 8 and 10 mmwere obtained, and the crack propagation rate
was solved by the secant method GBT6398-2000.

E. CRACK PROPAGATION TEST OF C(T) SPECIMEN UNDER
VARIABLE AMPLITUDE LOAD
An artificial cut was introduced using wire cutting to facil-
itate fatigue crack initiation. The prefabricated 2 mm initial
fatigue cracks were exposed to a variable amplitude load with
Pmax = 30 kN and Pmin = 8 kN. Subsequently, the load was
transferred to the maximum load for the experiment in two
stages, after which the fatigue test was initiated. The load
P(t) consisted of two low-high load functions, as shown in
the following equation:

P(t) =


14+ 6 sin(20π t)
(0+ N · T0 ≤ t ≤ 10000T + N · T0)
16+ 8 sin(20π t)
(10000T + N · T0 ≤ t ≤ 15000T + N · T0),

(27)

where T represents the duty cycle, T = 0.1 s; T0 is the entire
load cycle period, T0 = 15000 T; and N is the number of
cycles, N = 0, 1, 2.
The constant crack propagation experiment was carried out

in 3 groups with 9 compact samples. There were three 10 mm
thick samples, three 12 mm thick samples, and three 14 mm
thick samples. The sample material was Q345D, the widths
of all the samples were 100 mm, the initial crack depth
was 30 mm, and the slit width was 4 mm. For the Q345D
material, the crack opening angle was 11.5◦, and the threshold
correction factor was 1.6.

Real-time measurements of the crack propagation in the
compact tensile specimens were obtained using industrial
cameras and Vernier calipers in the variable amplitude load
crack propagation experiments. The loading was stopped, but
the load was not removed when performing the crack length
measurements. During the measurement, the crack lengths of
the two surfaces of the sample were measured. The average
of the two was used as the crack extension length at this time,
and the number of cycles was recorded.

After obtaining the crack propagation results of the three
sets of samples, the crack propagation results of the three
samples with the same thicknesses were averaged. The crack
propagation length a and the number of cycles N of the
compact tensile specimens with thicknesses of 10, 12, and
14 mm were obtained, and the crack propagation rate was
solved by the secant method GBT6398-2000.
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TABLE 2. Constraint factor for CT specimens with thicknesses of 8 and
10 mm.

III. RESULTS
A. EXPERIMENTAL RESULTS OF CRACK PROPAGATION OF
C(T) SPECIMEN UNDER CONSTANT AMPLITUDE LOAD
(1) Experimental results of crack propagation of C(T) speci-
mens with constant amplitude load

The fatigue crack growth rates for the compact tensile
specimens were measured. The crack propagation length a
and the number of cycles N of the compact tensile specimens
with thicknesses of 8 and 10 mm are shown in Fig 7.

As can be seen from Fig 7, the two types of compact tensile
specimens exhibited the same overall expansion trend. The
crack growth rate of the sample increased with the increase
of the fatigue crack growth length.When the number of cycles
reached 80,000, the cracks of the specimens with 8 mm thick-
nesses grew to 20.6 mm, and those of the 10 mm thickness
specimens grew to 13.2 mm. The crack growth rate of the
C(T) specimens with different thicknesses were significantly
different.

(2) Constraint factor model calculation
The stresses of crack-tip under unit load at different crack

lengths were obtained by finite element analysis. The unit
tension stress σ/F of a compact tension specimen was fit by
the stresses and crack lengths in least square method:

σ/F = 0.309a0 + 9.9424. (28)

Based on the nominal dynamic stress formula, the nominal
dynamic stress of the crack growth in the compact tension
specimen was obtained:

σ(t) = 4.017a0 + 129.2512

+ (2.163a0 + 69.5968) sin 20π t. (29)

The experimental results were brought into the established
time-integrated crack propagation model, and the constraint
factors for the two sample thicknesses are shown in Table 2.

The obtained constraint factor was inserted into the con-
straint factor model to obtain the undetermined coefficient
a = 0.0831 and b = 0.1111. The final constraint factor
calculation model is:

g (x) =
1+ 0.0831(

√
x + 2x2)

1− 2ν + 0.1111(
√
x + 2x2)

(30)

B. EXPERIMENTAL RESULTS OF CRACK PROPAGATION OF
C(T) SPECIMEN UNDER VARIABLE AMPLITUDE LOAD
The crack propagation length and number of cycles of three
thickness specimens under variable amplitude load were
obtained by experimental methods. The results of the three

FIGURE 8. Crack growth curves of CT specimens with three thickness
under variable amplitude loading.

groups of sampleswith the same thicknesseswere averaged to
obtain the crack propagation length and the number of cycles.
The experimental curves for the fatigue expansion of the CT
specimens with three thicknesses and variable amplitude load
cracks are shown in Fig 8.

C. PREDICTION OF CRACK PROPAGATION OF CT
SPECIMENS BASED ON TIME INTEGRAL
Calculation of the dynamic stress at the tip of fatigue crack
was performed by a quasi-static method. The relationship
between the crack propagation dynamic stress and the crack
propagation length of a sample having a thickness of 10 mm
is as follows:

σ(t)

=


4.326a0 + 139.1936+ (1.854a0 + 59.6544) sin(20π t)
(0+ N · T0 ≤ t ≤ 10000T + N · T0)
4.944a0 + 159.0784+ (2.472a0 + 79.5392) sin(20π t)
(10000T + N · T0 ≤ t ≤ 15000T + N · T0).

(31)

Among them, a0 is the crack length. The dynamic stresses
of the 12 and 14 mm samples were calculated in the same
way.

According to the time-integral crack growth theory model
accounting for the thickness effect and the crack growth
load boundary, the crack growth laws of specimens with
thicknesses of 10, 12, and 14 mm were calculated, as shown
in Fig 9.

As can be seen from Fig 9, the fatigue crack propagation
trends of three specimens with different thicknesses under
variable amplitude loading were generally consistent. Under
high amplitude loading, the crack growth rate was higher,
and the crack growth rate was lower in the low amplitude
loading cycle stage. In the early stage of crack propagation,
the error between the theoretical prediction and experimental
results was small, and in the later stage of crack propagation,
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FIGURE 9. Theoretical prediction under variable amplitude loading.

the theoretical prediction lagged behind the experimental
results.

IV. DISCUSSION
A. COMPARISON OF PREDICTED RESULTS FOR
DIFFERENT CRACK GROWTH MODELS UNDER CONSTANT
AMPLITUDE LOADING
Based on the Zencrack three-dimensional crack propaga-
tion simulation software, the fatigue crack growth simula-
tion of 10 mm C(T) specimen was performed. Based on
the simulated stress intensity factor amplitude of the C(T)
specimens, the theoretical life of the C(T) specimen crack
propagation was solved by combining the Elber, Newman,
and Guo models. As a comparison, the time-integral crack
growth model that accounts for the thickness effect was used
to predict the fatigue life of the 10 mm thick compact tensile
specimens. We also performed a fatigue extension test of a
compact tensile specimen with a thickness of 10 mm. As evi-
dent from the crack life expansion curve, the predicted results
of the crack extension model based on the time integral were
more accurate than the traditional fracture mechanics model
for fatigue life prediction. The specific details are shown
in Fig 10.

As shown in Fig 10, the predicted results of the Elbermodel
were quite different from the experimental results. Further-
more, compared to the measured results, the predicted results
of the Elber model show that the crack propagation speed
was faster and the difference was large. This was because the
Elber model accounted for the effect of crack closure. How-
ever, the crack opening ratio obtained by fitting was mainly
for thin plate specimens, and the effect of thickness on the
crack opening ratio was not considered. Therefore, the crack
opening ratio calculated was larger, which led to a large devi-
ation of the predicted crack growth from the actual growth.
The Newman, Guo, and time integral crack propagation mod-
els agreed well with the experimental results. The predicted
results of Newman and Guo models were similar, and the
predicted results are in good agreement with the experimental
results at the initial stage of crack propagation. When the

FIGURE 10. Theoretical prediction and experimental results of crack
propagation.

number of load cycles was less than 7×104, the predicted
expansion speed was greater than the experimental expan-
sion speed. But as the crack propagation length increased,
the crack theoretical expansion rate decreased, and when the
number of load cycles exceeded 7×104, the predicted expan-
sion speed was less than the experimental expansion speed.
At the same time, with the increase of the crack propagation
length, the theoretical prediction of the crack growth rate and
the measured expansion rate was quite different. The time-
integrated crack propagation model showed good agreement
with the experimental results, and the difference between the
extended prediction and the measured result was the smallest.
Themeasured expansion speed was larger than the theoretical
prediction expansion speed, but the phase difference was not
large. Therefore, the time integral crack propagation model
under the constant amplitude load is reasonable.

B. VERIFICATION OF PREDICTION RESULTS OF CRACK
PROPAGATION MODEL UNDER VARIABLE AMPLITUDE
LOAD
It can be seen from Fig 10 that after 60,000 cycles of cracks,
the crack propagation prediction showed good agreement
with the test results, and the maximum error was within 0.6
mm. After 60,000 cycles, the theoretical prediction deviated
from the test results, and the test results were slightly larger
than the time integral theory prediction. The error increased
gradually as the crack propagation length increased. After
90,000 cycles, the maximum prediction errors for the samples
with thicknesses of 10, 12, and 14mmwere 8.3%, 10.6%, and
8.1%, respectively.

C. IMPACT ANALYSIS OF CRACK PROPAGATION
PARAMETERS
(1) Impact analysis of initial crack parameters

The initial crack length was set from 0.1–0.5mm, and
the load was the same as that of constant amplitude load
test. When the crack lengths of the Q345D specimens with
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FIGURE 11. Effect of initial crack length on crack propagation life.

thicknesses of 8, 10, and 12 mm were 0.5 mm, the corre-
sponding numbers of cycles are shown in Fig 11 below.

As can be seen from Fig 11, the initial crack length had a
significant influence on the fatigue crack growth life.With the
same loading conditions, structure, and materials, a smaller
initial crack length resulted in greater fatigue crack growth
life. With the increase of the initial crack, the crack propa-
gation increased, and the initial crack length and number of
cycles were approximately quadratic. When the initial crack
length increased from 0.1 to 0.5 mm, the number of cycles
was reduced by about 60%. When the initial crack was close
to 0.5 mm, the crack propagation life was greatly reduced.

(2) Impact analysis of critical crack parameters
The critical crack length is an important index to determine

the instability and expansion of cracks. Determining critical
crack lengths is necessary for lifetime predictions of fatigue
crack growth. The prediction based on the time-integral crack
propagation model for the number of cycles corresponding to
different critical crack sizes is shown in Fig 12.

It can be seen from the above Fig 12 that with the same
loading conditions, structural form, and materials, the fatigue
crack growth lifetimes of the three samples with different
thicknesses increased by less than 5% for each 5 mm increase
of the critical crack length. As the number of cycles increased,
the increase in the number of cycles caused by the increase
of cracks gradually decreased. Therefore, the selection of
critical cracks has little effect on fatigue life.

(3) Impact analysis of crack tip opening angle parameters
Under the same constant load fatigue test conditions, based

on the time integral crack propagation model, the crack prop-
agation curves under different crack opening angles were
predicted, as shown in Fig 13.

It can be seen from Fig 13 that the crack opening angle
had a greater influence on the crack propagation. When the
crack tip opening angle (CTOA) increased from 9.5◦ to 12◦,
the crack propagation error was within 1 mm in the initial

FIGURE 12. Effect of critical crack length on crack propagation life.

FIGURE 13. Effect of crack opening angle on crack propagation.

40,000 cycles of crack propagation. After 80,000 cycles,
the crack propagation length was reduced from 30.05 to
11.75 mm, and the fatigue crack growth life was nearly three
times greater. However, as the crack opening angle increased,
the influence of the crack opening angle on the crack propaga-
tion decreased when the crack opening angle was larger than
10.5◦. The lifetime error caused by the 0.5◦ crack opening
angle error was less than 1 mm at 80,000 cycles.

Material CTOA testing is required prior to the crack propa-
gation prediction. Only when the exact crack opening angle is
obtained can the fatigue crack propagation life be accurately
calculated.

V. CONCLUSION
The crack growth tests of Q345D compact tension specimens
with different thicknesses under variable amplitude loading
were performed. The lengths of crack propagation and the
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numbers of loading cycles were recorded, and the fatigue
crack propagation life of the compact tensile specimens
were predicted by time integral crack propagation theory.
The fatigue test results were in good agreement with the
theoretically predicted lifetimes in the first 60,000 cycles,
while the maximum error was 10.6% after the 90,000 cycles.
This validates the time integration crack propagation theory
model. In addition, based on the compact fatigue specimens,
the effects of crack opening angle, initial crack length, and
critical crack on crack growth were investigated using the
time-integral crack growth model. The results show that
the initial crack length has a great influence on the fatigue
life, and the relationship between them is approximately
quadratic. The effect of the crack tip opening angle on the
prediction of crack growth life cannot be ignored. When the
crack opening angle is greater than 11◦, the effect of the crack
opening angle decreases significantly. The critical crack had
little effect on the fatigue crack growth life. When the fatigue
crack propagation reached 30 mm, the fatigue crack propaga-
tion life increased by only 5% for every 5 mm increase of the
critical crack with unchanged loading conditions, structural
form, and material. Comparing it to the traditional fracture
mechanics model, the accuracy of the time integral crack
growth model was verified. This work provides a reference
for the selection of a practical crack growth life prediction
model. From the above research, we can clearly see that the
plate thickness has a great influence on crack propagation for
Q345D. This can guide us to design parts with plate structure.
However, many machine structures are not simple plate, they
have complex structures. At this time, the crack propagation
model of the simple plate cannot reflect the crack propagation
in the complex structure. Therefore, it is very necessary to
establish a growth model of cracks in complex structures.
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