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a School of Civil Engineering, Chongqing University, Chongqing, China
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Abstract: In this paper, the application problem of cyclic cohesive zone models at different load
ratios is thoroughly studied based on test data of hot-rolled steel Q420C. Firstly, the fracture
toughness of Q420C steel was measured and load-crack mouth opening displacement (F-CMOD)
curves were recorded. Secondly, with the help of F-CMOD curves, a comparative study of
monotonic cohesive zone models was performed to calibrate model parameters. Finally, cyclic
cohesive zone models with different unloading-reloading paths were used to simulate the high-cycle
fatigue crack growth behaviour of Q420C steel, and their performances were compared. Research
results show that plane stress assumption is more sensible when the finite element model is
simplified from 3D to 2D. Rather than the conditional fracture toughness Ky, the elastic-plastic
fracture toughness CTOD should be used to calculate the fracture energy of the monotonic cohesive
zone model. Both cyclic cohesive zone models show good robustness towards the mesh size. When
the linear scaling method is used to reduce simulation time, the cyclic cohesive zone model with an
unloading-reloading path passing through the origin of coordinates is the better choice. To improve
the simulation accuracy of cyclic cohesive zone models at different load ratios, the load ratio must
be incorporated in the damage evolution law, and a linear relationship between accumulated
cohesive length &y and load ratio R was proposed for engineering applications.

Keywords: cyclic cohesive zone model, fracture toughness, load ratio effect, linear scaling method,

Q420C steel, simulation

1 Introduction

To capitalise on abundant wind energy, the erection of wind turbine towers is essential. When
designing wind turbine towers, both the static and fatigue resistances must be taken into
consideration. As for fatigue resistance, two design methods could be used. One is the stress-life (S-

N) curve method, which ensures sufficient fatigue crack initiation life. The other is the fracture
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mechanics method, which is capable of predicting the remaining life of structures with long fatigue
cracks [1].

To precisely estimate the remaining fatigue life of tower tubes, fatigue crack propagation tests
are essential, although they are costly and time-consuming. With the progress of computer hardware
and software, an alternative solution is to predict fatigue crack growth behaviour using numerical
simulation. Up to now, great efforts have been devoted to coming up with fatigue crack growth
simulation models. Among all of them, the extended finite element method (XFEM) [2-4] and the
cyclic cohesive zone model (CCZM) [5-11] are the most widely used ones. XFEM modifies the
element's shape function to consider discontinuity, particularly suitable for the analysis of static or
dynamic crack growth; meanwhile, it does not require pre-defining crack paths, which facilitates
the analysis of crack growth with changing directions. Nevertheless, XFEM may not be able to
provide very precise remaining fatigue life in certain cases. By comparison, CCZM shows better
performance in fatigue life estimation [12]. The CCZM includes three elements: the traction
separation law, the unloading-reloading path, and the damage evolution law. Each element can be
formulated in different ways. For example, the traction separation law can take triangular,
trapezoidal, or exponential forms [9]. As for the unloading-reloading path, it could pass through the
origin of coordinates or not. [13,14]. The damage evolution law has various expressions and its core
task is to interpret the contribution of strain changes to damage accumulation during cycles. So far,
a large number of CCZMs have been reported in the literature, but the effect of load ratio R on
damage evolution law is still not clear. Li and Yuan [15] used a CCZM to simulate the fatigue crack
growth behaviour of the nickel-based superalloy IN718 at different load ratios and proposed a linear
equation relating accumulated cohesive length &y and the natural logarithm of load ratio R. Wei et
al. [16] simulated the fatigue crack propagation of alloy steel 30CrNi:MoV and found that good
simulation results could be obtained with a constant value of accumulated cohesive length éy. Hu
et al. [12] found that it was not necessary to include the load ratio R into the damage evolution law
for the 304 austenitic stainless steel. As shown in the literature, no concensus has been reached for
the effect of load ratios on the damage evolation law.

This paper will systematically study the effect of load ratios on CCZMs and propose a method
to improve the accuracy of CCZMs. Firstly, the fracture toughness of Q420C steel is measured and
F-CMOD curves are recorded. Secondly, based on F-CMOD curves, parameters (initial peak
traction 0,4, 0 and cohesive length 6y) of the monotonic cohesive zone model are calibrated.
Afterwards, a series of parametric studies of CCZMs are carried out to investigate the effects of
important parameters including the mesh size, the linear scaling factor, the unloading-reloading path,

and the load ratio. Finally, a correction factor regarding the load ratio is proposed to adjust the
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accumulated cohesive length 8y to improve the accuracy of CCZMs at different load ratios.
2 Fracture toughness
2.1 Fracture toughness test

Three standard compact specimens, designated as DL1, DL2 and DL3, were used to test the fracture
toughness of longitudinal cracks in the hot-rolled steel Q420C (Fig. 1a). Dimensions of the three
specimens are congruent, which are shown in Fig. 1b. Fracture toughness tests were performed on
a MTS 809 test system (Fig. 2) and included three steps. The first step was fatigue pre-crack, which
offered a sharp crack in the specimen. Fatigue pre-crack adopted K-controlled loading with a load
ratio of 0.1. The total length of fatigue pre-crack was 8 mm. In the initial phase of fatigue pre-crack,
a relatively higher K, q.(~ 35 MPay/m) was chosen to accelerate crack initiation from the machined
notch. In the last phase of fatigue pre-crack (about 3 mm), a relatively lower Ky, (~ 20 MPav/m)
was employed to meet the requirements in GB/T 21143-2014 [17]. The loading frequency of fatigue
pre-crack was 15 Hz. The crack length was monitored automatically by the MTS control station
through a COD gauge.

The second step was monotonic loading to failure. After fatigue pre-crack, specimens were
loaded under displacement control. During the loading process, the load F and the crack mouth
opening displacement CMOD were recorded continuously. When the load F reached a peak and
then tended to decrease, the loading was manually stopped.

The final step was the post-processing which included heat tinting and measurement of pre-
fatigue crack lengths. The specific heat tinting process was as follows: all three specimens were
heated to 500 °C, maintained for 30 minutes, and finally cooled naturally. After the heat tinting
process, fracture surfaces already formed would appear darker, which facilitated the measurement
of crack lengths. Subsequently, all three specimens were pulled apart by the MTS 809 test system.
With an optical microscope, the nine-point average method [17] was used to determine the average

crack length after fatigue pre-crack.
2.2 Fracture toughness calculation

First, the linear elastic conditional fracture toughness K, was calculated. In the F-CMOD graph,
starting from the origin, a line was drawn with the slope being 5% less than the initial slope of the
F-CMOD curve. This line intersected the F-CMOD curve at the point F. Substitute F, into

Equation (1) to calculate the condition value K, [17].

Ko = [—(BB:E,)QS] [92(% ] (1)
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w _20y15
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2

where Fj is the conditional force corresponding to the small-scale yielding condition. B is the
specimen thickness. By is the net thickness of the specimen when side grooves exist. W is the
specimen width. g, (a/W) is the stress intensity factor coefficient. a, is the initial crack length, i.e.
the fatigue pre-crack length.

Next, it was judged whether the conditional fracture toughness K, was equivalent to the plane
strain fracture toughness K. Find the peak on the F-CMOD curve and designate it as F,,. If the
E,/Fy is larger than 1.1, the conditional fracture toughness K, is not equivalent to plane strain
fracture toughness K;.. The calculation results of the three specimens are summarised in Table 1.
Obviously, the values of F,,/F, are all greater than 1.1. Therefore, the plane strain fracture
toughness cannot be obtained and the elastic-plastic fracture toughness CTOD should be determined

according to Equations (3)-(5) [17].

_ Fm agyq2 (1-v3) (RO-ay—2)Vy
6= [(BBNW)°-5 X g2 (W)] [2Rp0.25 T RO G)
_ (ag/W)?
R= e wWa(a/W) (4)
g(ae/W) = 150.1554 — 1427.620(ay/W) + 5712.630(ay/W)? — 12131.870(ay/W)3 +
14357.50(ay,/W)* — 8967.939(a,/W)> + 2309.530(a,/W)° (5)

where v is the Poisson ratio. E is Young’s modulus. Rp , is the yield strength. RO is the rotational
radius. Z is the distance between the mounting position of the extensometer and the surface of the
specimen. ¥, is the plastic component in the opening displacement of the extensometer.

Since the value of elastic-plastic fracture toughness CTOD is size-sensitive, the specimen
thickness should be indicated in the footnote to the toughness symbol. In addition, the load type
used in the calculation should also be reflected in the toughness symbol. In this paper, the maximum
load was used, hence the letter m needed to be included in the footnote. Considering these two

points, the symbol for fracture toughness CTOD was &(12)-
3 Cyclic cohesive zone model

The cyclic cohesive zone model consists of three elements, namely the traction separation law,
the damage evolution law, and the unloading-reloading path. Specific expressions for these three

elements are discussed in detail in the following sections.
3.1 Traction separation law

The traction separation law proposed by Roe and Siegmund [13] is in an exponential form. The

normal traction and shear traction could be determined as follows [13]:
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Aup\ Auy Au? Auy, Au?
T, = Omax0€€XP (— %0) {SLO exp (— 8%‘) +(1.0—-¢q) %0 [1.0 — exp (— aigt)} (6)

Aug Au?
2

Auy, Aun
Ty = 20max0eq 5—0(1-0 + SLO) exp (— %O)exp (—5—0 7)

where 0,45 is the initial normal cohesive strength, i.e. the maximum normal traction reached

during monotonic loading to failure. Au,, and Au, are normal and shear separation, respectively. &

is the cohesive length, i.e., the separation corresponding to ;4 ¢. Parameter q is the ratio between

shear cohesive surface energy ¢, = m Tmax,000 and normal cohesive surface energy ¢, o =

Omax,000€- Tmax,o 15 the initial shear cohesive strength.

For the pure type I crack propagation, the shear traction on the crack path is always equal to
zero. Therefore, Equations (6) and (7) could be simplified as follows:

T = Omaxo 5exp (10 - 52) ()

T, =0 )

In the case of monotonic loading, the traction could be determined completely with Equations

(8) and (9). For cyclic loading, the initial normal cohesive strength a4, o needs to be replaced with

the current cohesive strength 0,4, Using equation 0,5y = Opqx0(1 — D). Parameter D indicates

the accumulated damage in cohesive elements, which ranges from 0 to 1.
3.2 Damage evolution law

During cyclic loading, the damage in cohesive elements accumulates gradually and reaches the
critical value eventually. The accumulated damage can be determined by a damage evolution

equation. For example, Roe and Siegmund proposed Equation (10) to calculate damage [13].

b =Bl - 0 @

Tn

L Oma
where by is the accumulated cohesive length used to normalise the separation increment. Cy is the
endurance limit ratio determined by the equation C; = 05 /0 ax,0- 05 is the endurance limit. Au,, is
the accumulated material separation calculated by Au, = [ |A1'1n| dt . Macaulay brackets ()
indicates that damage can only occur when the normal traction is greater than a certain positive
value. Heaviside function H() suggests that the damage starts to evolve as the accumulated

separation increment reaches the cohesive length §.
3.3 Unloading-reloading path

There are two types of unloading-reloading paths. The first path is analogous to the elastic-plastic
behaviour. A residual separation exists when the normal traction is completely unloaded. The normal

traction of the first path can be calculated according to Equation (11) [13,18].
T, = Tn,max + kn(Au, — Aun,max) (11)
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where Auy, 1,4, is the maximum normal separation reached during the whole loading history. Ty, ax
is the normal traction corresponding to Auy, .y ky, s equal to ,q5e/ 8.

The second path is analogous to the purely elastic behaviour. Specifically, the traction
separation curve could pass through the origin of coordinates. The normal traction of the second

path can be calculated using Equation (12) [19].

Tn,max
Ay (Aun - Aun,max) (12)

AUn max

T, = Tn,max +

3.4 Acceleration strategy

High-cycle fatigue tests usually take a long time. The cycle number reached before the final failure
could be up to millions. Therefore, the cycle-by-cycle simulation strategy is impractical. To
accomplish high-cycle fatigue crack growth simulation, three acceleration simulation methods have
been proposed, i.e. the linear scaling method [12,16,20,21], the linear extrapolation method [22—-30],
and the envelope method [31-33]. The linear scaling method introduces a linear scaling factor
into the damage evolution law. In this way, the material can reach failure in a relatively small number
of cycles. In the post-process, multiply simulated cycle numbers by S to obtain the predicted cycle
number. The linear extrapolation method incorporates the features of both the cycle-by-cycle
method and the linear scaling method. Specifically, it firstly simulates three or five cycles by the
cycle-by-cycle method. Afterwards, it calculates every cycle’s damage contribution. Finally, it
multiplies the average damage increment by the number of several cycles as the damage contribution
of next few simulation cycles. By repeating these three steps, the simulation time of high-cycle
fatigue tests can be significantly reduced. The envelope method replaces the cyclic loading with
static loading and correlates the damage increment with the loading time. In summary, each of the
three acceleration methods has its own advantages. In this paper, only the linear scaling method was

employed, because it is easy to program.
4 Monotonic loading simulation
4.1 Development of finite element models

The fracture toughness test was simulated using the Abaqus software [34]. To reduce the number of
elements, the 3D specimen was simplified into a 2D model. Considering the symmetry of the
specimen, only one-half of the whole model was established to further reduce the model size. The
established model comprises a parent region and a cohesive element region. During loading, the
stiffness of cohesive elements degrades gradually when element damage starts to accumulate. The
stiffness degradation usually causes convergence issues. The Abaqus help documentation

recommends utilising a viscosity coefficient to facilitate convergence. Through trial and error, it is
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found that augmenting the viscosity coefficient can significantly improve convergence.
Nevertheless, the increased viscosity coefficient will also affect simulation results and influence
further analysis. An alternative solution to convergence issues is to adopt fine meshes in the cohesive
element region. Although this solution eliminates the need to introduce viscosity coefficients, it
requires more elements and consumes more computational time. To limit the computational time,
transitional meshes were used in the parent region. The generated transitional meshes are presented
in Fig. 4, containing 7 transitional layers. Uniform meshes were used in the cohesive element region.
The cohesive elements measure 0.01 mm in length and 0 mm in thickness. Cohesive elements share
boundaries with the bottom elements of the parent region.

The cohesive element type was the 2D 4-node cohesive element COH2D4. Literature
[16,20,35-37] suggests that the plane strain assumption should be used when specimen thickness is
in the range of 9-12.5 mm. Literature [12,38] argues that when the CT specimen thickness is in the
range of 3-5 mm, the plane stress assumption should be used. The authors of this paper believe that
a thickness of 12 mm may not allow most of the crack front to reach the plane strain state. Given
this, elements of the parent region were set to 4-node plane strain element CPE4 and 4-node plane
stress element CPS4, respectively. Both simulation results will be compared to find out the proper
stress state assumption. The Young’s modulus of the parent region was set to 2.06 X 105 MPa and
the Poisson’s ratio was set to 0.3. The plastic behaviour of the parent region complied with the law
of kinematic hardening, and the plastic parameters were set according to the true stress-strain curve
of Q420C steel. The material behaviour of cohesive elements was set by a UMAT subroutine, which
was programmed based on the monotonic cohesive zone model. The monotonic cohesive zone
model is equivalent to the cyclic cohesive zone model that only includes the traction separation law.
Literature [39] recommends that the initial normal cohesive strength g4, o for the plane strain state
takes 30y, ~40,, and the 0y, 4y, for the plane stress state takes 20,,. In this paper, 0,450 Was set to
20y, 2.50,, and 30, for both the plane strain assumption and the plane stress assumption. The
cohesive length §; is determined from the total energy /” of the monotonic cohesive zone model
with the equation /" = g,,45 00pe. In theory, the total energy /" is equal to the energy release rate
G. Under the condition of small-scale yielding, for the plane strain condition, G; = (1 — v?)/E - K7,
G, =CTOD -1+ 0,/[4- (1 —2v)]; for the plane stress condition, G; = 1/E x K7, G; = CTOD -
7 - 0y, /4. The fracture toughness parameters K, and 8y, (12) were substituted into these equations,
respectively, and the corresponding §, was calculated. Parameters used in all simulation cases are

summarised in Table 2.
4.2 Results and discussions

The contrast between the simulation and experimental results is presented in Fig. 5. The first number
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in the legend represents the initial normal cohesive strength ;4,0 and the second number
represents the cohesive length §,. The element type of the parent region is placed in parentheses.
For plane strain cases where parameters are calculated by &,,(12), 88 iy o increases, the maximum
load that can be achieved also rises, and a load plateau tends to appear. With the decrease of 0,4y 0,
the maximum load obtained in simulation may be equal to the test results, but the F-CMOD curve
will drop rapidly after the maximum load. For plane strain cases where parameters are calculated
by Ky, the maximum load achieved in simulation is much smaller than the test values. In addition,
the bearing capacity of the specimen decreases rapidly after the peak load. The reason is that when
cohesive elements fail, the absorbed energy is too small. Therefore, it can be concluded that the
plane strain assumption is not suitable for the monotonic loading simulation of the 12 mm thick CT
specimen.

For six plane stress cases (Fig. 5b), except the case where 0,,,45,0=860 MPa and §,=0.00661
mm, the F-CMOD curves of other cases are all close to experimental values. Quantitatively
analysing the maximum load and corresponding CMOD, analysis results are summarised in Table
3. The comparison shows that the case where gy,,4, ¢=860 MPa and §,=0.03092 mm is the closest
to the experimental values. Thus, a conclusion can be drawn that the plane stress assumption is more
suitable for the monotonic loading simulation of the 12 mm thick CT specimen. When the
conditional fracture toughness K, is not equal to the plane strain fracture toughness K;, the elastic-

plastic fracture toughness CTOD should be used to calculate the §.
5 Cyclic loading simulation

5.1 FEM model configuration

In contrast to the monotonic loading simulation, the computational cost of the cyclic loading
simulation dramatically increases with the increasing cycles. To reduce the computational cost of
high-cycle fatigue simulation, a new meshing strategy is adopted in this section, which increases
the size of bottom elements in the parent region, changes the connection method between parent
region elements and cohesive elements from shared edges to bound boundaries, and makes the
cohesive element size smaller than the size of bottom elements in the parent region. The resulting
mesh is shown in Fig. 6. The minimum parent region element size is 0.1 mm, and three layers of
transitional meshes are used to link the coarse and fine mesh areas. Cohesive elements measure 0
mm in thickness and 0.02 mm in length.

Based on the conclusions in Section 4, element type CPS4 was employed in the parent region
and element type COH2D4 was chosen in the cohesive element region. The material behaviour in

the parent region complies with the law of kinematic hardening. The elastoplastic parameters are set
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according to the true stress-strain curve of Q420C steel. Cohesive elements adopt two different
CCZMs. The first CCZM employs the first unloading-reloading path and is designated as v25. The
second CCZM adopts the second unloading-reloading path and is designated as v35. The loading
waveform, the maximum load, and the load ratio used in the simulation are all consistent with the
practical test parameters. Endurance limit ratio Cy is set as 0.25. Accumulated cohesive length Jy
equals ad,. Parameter a adjusts the rate of damage accumulation according to the load ratio, and
improves the accuracy of simulation results. « is related to both the material property and the load
ratio. The linear scaling method is used to reduce simulation time, and the effect of the linear scaling
factor § is studied by setting §/a to 0.125, 0.25, 0.5, 1, and 2. Finally, the robustness of CCZMs is
examined by changing the cohesive element size (from 0.02 mm to 0.04 mm and 0.08 mm), and

changing the bottom parent region element size (from 0.1 mm to 0.2 mm and 0.4 mm).
5.2 The effect of load ratio and linear scaling factor

In the post-processing module of ABAQUS, a Python script is created to automatically obtain the
crack length a — cycle number N curve from simulation results. The a — N curve at f/a = 0.25 is
used as a benchmark, and the most appropriate value of linear scaling factor § is found by trial
calculations with an increment of 50. For cases where 8/« takes other values, the value of 8 is
scaled up or down. In the post-process, the number of simulated cycles is multiplied by the
corresponding S, and the processed results are presented in Fig. 7(a-b) and Fig. 8(a-b). Only a — N
curves at $/a = 0.125 or 0.25 are further processed by the 7-points incremental polynomial
method [40] to obtain rate curves, and the obtained rate curves are shown in Fig. 7(c-d) and Fig.
8(c-d). The experimental data in Fig. 7 and Fig. 8 are extracted from the literature [41]. In the legend,
v25 and v35 are the model numbers, respectively. RO1 and R0O3 represent load ratios. The number
following the letter x represents 8/a. The number in parentheses stands for 3.

For the cyclic cohesive zone model v25, a larger f/a could shorten simulation time, but also
reduce the propagation distance. It can be seen from a — N curves that, as f/a increases, the crack
growth rate at a given AK in the later stages increases. Therefore, to obtain accurate simulation
results, the value of /a should not be too large. As §/a decreases, the difference between
simulated a — N curves gradually decreases. Nevertheless, the value of §/a cannot be too small,
because too small a value of §/a would considerably increase computational time and cause an
abnormal drop in crack growth rates in the later stages. By trial and error calculation, it is found that
B /a=0.25 is the most suitable value when using the CCZM v25. In addition, the load ratio affects
the value of §. When 8/« is equal to 0.25, § can take the value of 250 at a load ratio of 0.1, and
take the value of 400 at a load ratio of 0.3.

The results simulated with CCZM v35 differ significantly from those with CCZM v25 in
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several respects. Firstly, a larger f/a would lead to a smaller rate at the same AK in the later stages.
Secondly, when 8/« takes a small value, there is no abnormal drop in the rate curves. Thirdly, as
B /a decreases, the difference between simulated a — N curves decreases quickly. It can be seen
from Fig. 8(a-b) that when B/a equals 0.125 or 0.25, the a — N curves are identical. Finally, When
B/a is equivalent to 0.25, in cases of CCZM v35, B can take the value of 350 at a load ratio of 0.1,
and take the value of 600 at a load ratio of 0.3.

Considering that the test involves only two load ratios (0.1 and 0.3), a linear relationship o =
kR + b is herein suggested to reflect the effect of the load ratio on parameter a. By fitting analysis,

the specific expression of this linear relationship in both CCZMs is as follows:
For CCZM v25: a = 3000R + 700 (13)
For CCZM v35: a = 5000R + 900 (14)

5.3 The robustness study

For robustness studies, the simulation results of CCZMs are shown in Fig. 9. In the legend, v25 and
v35 represent the model numbers of CCZMs. RO1 and RO3 are load ratios. The number following
the letter x stands for B/a. The first number in parentheses is the minimum element size in the
parent region, and the second number represents the length of cohesive elements. The purpose of
robustness studies is to examine the influence of different mesh sizes on simulation results, so 5/«
is set as a constant value of 0.25. It can be seen from the simulation results that under the same
loading condition, the variation of mesh size does not affect simulation results. Therefore, a
conclusion can be drawn that CCZMs have good robustness when simulating the high-cycle fatigue

crack growth behaviour of Q420C steel.
5.4 Application suggestions

In conjunction with the findings of the previous subsections, a few suggestions can be made for the
application of CCZMs to the high-cycle fatigue crack propagation simulation. For the two CCZMs
with different unloading-reloading paths, the second path should be preferred in applications. When
meshing is performed, the coarse mesh is first used for the trial calculation, and the mesh is then
gradually refined until fatigue cracks propagate successfully without convergence issues. In the
damage evolution law, /a could be set to 0.25. In the post-process, parameter £ is determined by

fitting experimental data or calculated through a from Equations (13) or (14).
6 Conclusions

In this study, fracture toughness tests were carried out on hot-rolled steel Q420C. The parameters of

the monotonic cohesive zone model are calibrated based on the toughness test data. Finally, the
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simulation accuracy and robustness of the two cyclic cohesive zone models are investigated.
Research results show that longitudinal cracks in the Q420C steel sheet exhibit ductile fracture in
toughness tests. As Q420C steel has excellent toughness, the elastic-plastic fracture toughness
CTOD should be used to calculate the fracture energy of the monotonic cohesive zone model, rather
than the conditional fracture toughness K. When simplifying 3D 12 mm thick specimens to 2D
models, the plane stress assumption is more appropriate than the plane strain assumption. Cyclic
cohesive zone models have good robustness to mesh sizes, no matter which unloading-reloading
path is adopted. Furthermore, the cyclic cohesive zone model whose unloading-reloading path

through the origin of coordinates is the better choice for engineering applications.
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460 Fig. 1. Specimens (a) labels, (b) dimensions (unit: mm).
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462 Fig. 2. Fracture toughness test.
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464 Fig. 3. Typical forces of fracture toughness determination in the F-CMOD curve.
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466 Fig. 4. Transitional mesh configuration of the CT specimen (half model for the monotonic loading

467 simulation).
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469 Fig. 5. Simulation results of fracture toughness tests. (a) plane strain case, (b) plane stress case.
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Fig. 7. Simulation results of CCZM v25. (a) a — N curves at the load ratio of 0.1, (b) a — N curves at
the load ratio of 0.3, (c) rate curves at the load ratio of 0.1, and (d) rate curves at the load ratio of 0.3.
(test data are extracted from Ref [41])
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Fig. 8. Simulation results of CCZM v35. (a) a — N curves at the load ratio of 0.1, (b) a — N curves at
the load ratio of 0.3, (c) rate curves at the load ratio of 0.1, and (d) rate curves at the load ratio of 0.3.

(test data are extracted from Ref [41])
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Fig. 9. Robustness study. (a) the effect of different cohesive element sizes with CCZM v25, (b) the
effect of different cohesive element sizes with CCZM v35, (c) the effect of different matrix element
sizes with CCZM v25, (d) the effect of different matrix element sizes with CCZM v35.
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Table 1 Calculated values of fracture toughness

Specimen B w ag Fy E, Ky Sm@12)
label  (mm)  (mm)  (mm)  N)  (N)  (MPaym) (mm)
DL1 12.15 48.12 24.26 15.40 23.84 56.66 0.207
DL2 12.10 48.27 24.27 14.64 23.70 53.91 0.192
DL3 12.09 48.25 24.39 15.81 24.04 58.69 0.244




486 Table 2 Parameters in the cohesive zone model for the simulation of fracture toughness tests.

487
488

P () Stress state e for caesiation
1290 0.00401 plane strain mean K,
1075 0.00481 plane strain mean K,
860 0.006015 plane strain mean K,
1290 0.05153 plane strain mean 8y,(17)
1075 0.06183 plane strain mean Gyy,(12)
860 0.07729 plane strain mean Gy,(12)
1290 0.00441 plane stress mean K,
1075 0.00529 plane stress mean K,
860 0.00661 plane stress mean K,
1290 0.02061 plane stress mean Spy(12)
1075 0.02473 plane stress mean Gyy,(12)
860 0.03092 plane stress mean Gy,(12)
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490
491

Table 3 Comparison between plane stress simulation results and test values.

Omax,0 6o Fiax + (percent error)  CMOD at F 4, + (percent error)
(MPa) (mm) (N)+ () (mm) + (-)

1290 0.00441 24.47 (2.56%) 1.92 (21.52%)

1290 0.02061 25.90 (8.55%) 2.14 (35.44%)

1075 0.00529 23.34 (2.18%) 1.28 (18.99%)

1075 0.02473 25.20 (5.62%) 2.07 (31.01%)

860 0.00661 21.99 (7.84%) 0.96 (39.24%)

860 0.03092 24.12 (1.09%) 1.48 (6.33%)




