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Abstract: In this paper, the application problem of cyclic cohesive zone models at different load 9 

ratios is thoroughly studied based on test data of hot-rolled steel Q420C. Firstly, the fracture 10 

toughness of Q420C steel was measured and load-crack mouth opening displacement (F-CMOD) 11 

curves were recorded. Secondly, with the help of F-CMOD curves, a comparative study of 12 

monotonic cohesive zone models was performed to calibrate model parameters. Finally, cyclic 13 

cohesive zone models with different unloading-reloading paths were used to simulate the high-cycle 14 

fatigue crack growth behaviour of Q420C steel, and their performances were compared. Research 15 

results show that plane stress assumption is more sensible when the finite element model is 16 

simplified from 3D to 2D. Rather than the conditional fracture toughness 𝐾𝑄, the elastic-plastic 17 

fracture toughness CTOD should be used to calculate the fracture energy of the monotonic cohesive 18 

zone model. Both cyclic cohesive zone models show good robustness towards the mesh size. When 19 

the linear scaling method is used to reduce simulation time, the cyclic cohesive zone model with an 20 

unloading-reloading path passing through the origin of coordinates is the better choice. To improve 21 

the simulation accuracy of cyclic cohesive zone models at different load ratios, the load ratio must 22 

be incorporated in the damage evolution law, and a linear relationship between accumulated 23 

cohesive length 𝛿∑ and load ratio 𝑅 was proposed for engineering applications. 24 

Keywords: cyclic cohesive zone model, fracture toughness, load ratio effect, linear scaling method, 25 

Q420C steel, simulation 26 

 27 

1 Introduction 28 

To capitalise on abundant wind energy, the erection of wind turbine towers is essential. When 29 

designing wind turbine towers, both the static and fatigue resistances must be taken into 30 

consideration. As for fatigue resistance, two design methods could be used. One is the stress-life (𝑆-31 

𝑁) curve method, which ensures sufficient fatigue crack initiation life. The other is the fracture 32 

Chen, C.J., Su, M.N., Wang, Y.H., Zhu, R.H. (2023), “Experimental and numerical investigations of crack 

growth of hot-rolled steel Q420C using cohesive zone model”, Theoretical and Applied Fracture 

Mechanics, 127:104036. 



mechanics method, which is capable of predicting the remaining life of structures with long fatigue 33 

cracks [1]. 34 

To precisely estimate the remaining fatigue life of tower tubes, fatigue crack propagation tests 35 

are essential, although they are costly and time-consuming. With the progress of computer hardware 36 

and software, an alternative solution is to predict fatigue crack growth behaviour using numerical 37 

simulation. Up to now, great efforts have been devoted to coming up with fatigue crack growth 38 

simulation models. Among all of them, the extended finite element method (XFEM) [2–4] and the 39 

cyclic cohesive zone model (CCZM) [5–11] are the most widely used ones. XFEM modifies the 40 

element's shape function to consider discontinuity, particularly suitable for the analysis of static or 41 

dynamic crack growth; meanwhile, it does not require pre-defining crack paths, which facilitates 42 

the analysis of crack growth with changing directions. Nevertheless, XFEM may not be able to 43 

provide very precise remaining fatigue life in certain cases. By comparison, CCZM shows better 44 

performance in fatigue life estimation [12]. The CCZM includes three elements: the traction 45 

separation law, the unloading-reloading path, and the damage evolution law. Each element can be 46 

formulated in different ways. For example, the traction separation law can take triangular, 47 

trapezoidal, or exponential forms [9]. As for the unloading-reloading path, it could pass through the 48 

origin of coordinates or not. [13,14]. The damage evolution law has various expressions and its core 49 

task is to interpret the contribution of strain changes to damage accumulation during cycles. So far, 50 

a large number of CCZMs have been reported in the literature, but the effect of load ratio 𝑅 on 51 

damage evolution law is still not clear. Li and Yuan [15] used a CCZM to simulate the fatigue crack 52 

growth behaviour of the nickel-based superalloy IN718 at different load ratios and proposed a linear 53 

equation relating accumulated cohesive length 𝛿∑ and the natural logarithm of load ratio 𝑅. Wei et 54 

al. [16] simulated the fatigue crack propagation of alloy steel 30CrNi2MoV and found that good 55 

simulation results could be obtained with a constant value of accumulated cohesive length 𝛿∑. Hu 56 

et al. [12] found that it was not necessary to include the load ratio 𝑅 into the damage evolution law 57 

for the 304 austenitic stainless steel. As shown in the literature, no concensus has been reached for 58 

the effect of load ratios on the damage evolation law. 59 

This paper will systematically study the effect of load ratios on CCZMs and propose a method 60 

to improve the accuracy of CCZMs. Firstly, the fracture toughness of Q420C steel is measured and 61 

F-CMOD curves are recorded. Secondly, based on F-CMOD curves, parameters (initial peak 62 

traction 𝜎𝑚𝑎𝑥,0  and cohesive length 𝛿0 ) of the monotonic cohesive zone model are calibrated. 63 

Afterwards, a series of parametric studies of CCZMs are carried out to investigate the effects of 64 

important parameters including the mesh size, the linear scaling factor, the unloading-reloading path, 65 

and the load ratio. Finally, a correction factor regarding the load ratio is proposed to adjust the 66 



accumulated cohesive length 𝛿∑ to improve the accuracy of CCZMs at different load ratios. 67 

2 Fracture toughness 68 

2.1 Fracture toughness test 69 

Three standard compact specimens, designated as DL1, DL2 and DL3, were used to test the fracture 70 

toughness of longitudinal cracks in the hot-rolled steel Q420C (Fig. 1a). Dimensions of the three 71 

specimens are congruent, which are shown in Fig. 1b. Fracture toughness tests were performed on 72 

a MTS 809 test system (Fig. 2) and included three steps. The first step was fatigue pre-crack, which 73 

offered a sharp crack in the specimen. Fatigue pre-crack adopted K-controlled loading with a load 74 

ratio of 0.1. The total length of fatigue pre-crack was 8 mm. In the initial phase of fatigue pre-crack, 75 

a relatively higher 𝐾𝑚𝑎𝑥(~ 35 MPa√m) was chosen to accelerate crack initiation from the machined 76 

notch. In the last phase of fatigue pre-crack (about 3 mm), a relatively lower 𝐾𝑚𝑎𝑥 (~ 20 MPa√m) 77 

was employed to meet the requirements in GB/T 21143-2014 [17]. The loading frequency of fatigue 78 

pre-crack was 15 Hz. The crack length was monitored automatically by the MTS control station 79 

through a COD gauge. 80 

The second step was monotonic loading to failure. After fatigue pre-crack, specimens were 81 

loaded under displacement control. During the loading process, the load 𝐹 and the crack mouth 82 

opening displacement CMOD were recorded continuously. When the load 𝐹 reached a peak and 83 

then tended to decrease, the loading was manually stopped. 84 

The final step was the post-processing which included heat tinting and measurement of pre-85 

fatigue crack lengths. The specific heat tinting process was as follows: all three specimens were 86 

heated to 500 ℃, maintained for 30 minutes, and finally cooled naturally. After the heat tinting 87 

process, fracture surfaces already formed would appear darker, which facilitated the measurement 88 

of crack lengths. Subsequently, all three specimens were pulled apart by the MTS 809 test system. 89 

With an optical microscope, the nine-point average method [17] was used to determine the average 90 

crack length after fatigue pre-crack. 91 

2.2 Fracture toughness calculation 92 

First, the linear elastic conditional fracture toughness 𝐾𝑄 was calculated. In the F-CMOD graph, 93 

starting from the origin, a line was drawn with the slope being 5% less than the initial slope of the 94 

F-CMOD curve. This line intersected the F-CMOD curve at the point 𝐹𝑄 . Substitute 𝐹𝑄  into 95 

Equation (1) to calculate the condition value 𝐾𝑄 [17]. 96 
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where 𝐹𝑄  is the conditional force corresponding to the small-scale yielding condition. 𝐵  is the 99 

specimen thickness. 𝐵𝑁  is the net thickness of the specimen when side grooves exist. 𝑊  is the 100 

specimen width. 𝑔2(𝑎 𝑊⁄ ) is the stress intensity factor coefficient. 𝑎0 is the initial crack length, i.e. 101 

the fatigue pre-crack length. 102 

Next, it was judged whether the conditional fracture toughness 𝐾𝑄 was equivalent to the plane 103 

strain fracture toughness 𝐾𝐼𝐶. Find the peak on the F-CMOD curve and designate it as 𝐹𝑚. If the 104 

𝐹𝑚 𝐹𝑄⁄   is larger than 1.1, the conditional fracture toughness 𝐾𝑄  is not equivalent to plane strain 105 

fracture toughness 𝐾𝐼𝐶. The calculation results of the three specimens are summarised in Table 1. 106 

Obviously, the values of 𝐹𝑚 𝐹𝑄⁄   are all greater than 1.1. Therefore, the plane strain fracture 107 

toughness cannot be obtained and the elastic-plastic fracture toughness CTOD should be determined 108 

according to Equations (3)-(5) [17]. 109 

 𝛿 = [
𝐹𝑚

(𝐵𝐵𝑁𝑊)0.5
× 𝑔2(

𝑎0

𝑊
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 𝑅 =
(𝑎0 𝑊⁄ )2

1−𝑎0 𝑊⁄
𝑊𝑔(𝑎0 𝑊⁄ )  (4) 111 

 𝑔(𝑎0 𝑊⁄ ) = 150.1554 − 1427.620(𝑎0 𝑊⁄ ) + 5712.630(𝑎0 𝑊⁄ )2 − 12131.870(𝑎0 𝑊⁄ )3 +112 

14357.50(𝑎0 𝑊⁄ )4 − 8967.939(𝑎0 𝑊⁄ )5 + 2309.530(𝑎0 𝑊⁄ )6  (5) 113 

where 𝜈 is the Poisson ratio. 𝐸 is Young’s modulus. 𝑅𝑃0.2 is the yield strength. 𝑅𝑂 is the rotational 114 

radius. 𝑍 is the distance between the mounting position of the extensometer and the surface of the 115 

specimen. 𝑉𝑝 is the plastic component in the opening displacement of the extensometer.  116 

Since the value of elastic-plastic fracture toughness CTOD is size-sensitive, the specimen 117 

thickness should be indicated in the footnote to the toughness symbol. In addition, the load type 118 

used in the calculation should also be reflected in the toughness symbol. In this paper, the maximum 119 

load was used, hence the letter 𝑚 needed to be included in the footnote. Considering these two 120 

points, the symbol for fracture toughness CTOD was 𝛿𝑚(12). 121 

3 Cyclic cohesive zone model 122 

The cyclic cohesive zone model consists of three elements, namely the traction separation law, 123 

the damage evolution law, and the unloading-reloading path. Specific expressions for these three 124 

elements are discussed in detail in the following sections. 125 

3.1 Traction separation law 126 

The traction separation law proposed by Roe and Siegmund [13] is in an exponential form. The 127 

normal traction and shear traction could be determined as follows [13]: 128 
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where 𝜎𝑚𝑎𝑥,0  is the initial normal cohesive strength, i.e. the maximum normal traction reached 131 

during monotonic loading to failure. ∆𝑢𝑛 and ∆𝑢𝑡 are normal and shear separation, respectively. 𝛿0 132 

is the cohesive length, i.e., the separation corresponding to 𝜎𝑚𝑎𝑥,0. Parameter 𝑞 is the ratio between 133 

shear cohesive surface energy 𝜑𝑡,0 = √𝑒 2⁄ 𝜏𝑚𝑎𝑥,0𝛿0 and normal cohesive surface energy 𝜑𝑛,0 =134 

𝜎𝑚𝑎𝑥,0𝛿0𝑒. 𝜏𝑚𝑎𝑥,0 is the initial shear cohesive strength. 135 

For the pure type Ⅰ crack propagation, the shear traction on the crack path is always equal to 136 

zero. Therefore, Equations (6) and (7) could be simplified as follows: 137 

 𝑇𝑛 = 𝜎𝑚𝑎𝑥,0
∆𝑢𝑛

𝛿0
𝑒𝑥𝑝 (1.0 −

∆𝑢𝑛

𝛿0
)  (8) 138 

 𝑇𝑡 = 0  (9) 139 

In the case of monotonic loading, the traction could be determined completely with Equations 140 

(8) and (9). For cyclic loading, the initial normal cohesive strength 𝜎𝑚𝑎𝑥,0 needs to be replaced with 141 

the current cohesive strength 𝜎𝑚𝑎𝑥 using equation 𝜎𝑚𝑎𝑥 = 𝜎𝑚𝑎𝑥,0(1 − 𝐷). Parameter 𝐷 indicates 142 

the accumulated damage in cohesive elements, which ranges from 0 to 1.  143 

3.2 Damage evolution law 144 

During cyclic loading, the damage in cohesive elements accumulates gradually and reaches the 145 

critical value eventually. The accumulated damage can be determined by a damage evolution 146 

equation. For example, Roe and Siegmund proposed Equation (10) to calculate damage [13]. 147 

 𝐷̇ =
|∆𝑢𝑛̇ |

𝛿∑
〈

𝑇𝑛

𝜎𝑚𝑎𝑥
− 𝐶𝑓〉𝐻(∆𝑢𝑛̅̅ ̅̅ ̅ − 𝛿0)  (10) 148 

where 𝛿∑ is the accumulated cohesive length used to normalise the separation increment. 𝐶𝑓 is the 149 

endurance limit ratio determined by the equation 𝐶𝑓 = 𝜎𝑓/𝜎𝑚𝑎𝑥,0. 𝜎𝑓 is the endurance limit. ∆𝑢𝑛̅̅ ̅̅ ̅ is 150 

the accumulated material separation calculated by ∆𝑢𝑛̅̅ ̅̅ ̅ = ∫|∆𝑢𝑛̇ |⁡𝑑𝑡 . Macaulay brackets 〈⁡〉 151 

indicates that damage can only occur when the normal traction is greater than a certain positive 152 

value. Heaviside function 𝐻()  suggests that the damage starts to evolve as the accumulated 153 

separation increment reaches the cohesive length 𝛿0. 154 

3.3 Unloading-reloading path 155 

There are two types of unloading-reloading paths. The first path is analogous to the elastic-plastic 156 

behaviour. A residual separation exists when the normal traction is completely unloaded. The normal 157 

traction of the first path can be calculated according to Equation (11) [13,18]. 158 

 ⁡𝑇𝑛 = 𝑇𝑛,𝑚𝑎𝑥 + 𝑘𝑛(∆𝑢𝑛 − ∆𝑢𝑛,𝑚𝑎𝑥)  (11) 159 



where ∆𝑢𝑛,𝑚𝑎𝑥 is the maximum normal separation reached during the whole loading history. 𝑇𝑛,𝑚𝑎𝑥 160 

is the normal traction corresponding to ∆𝑢𝑛,𝑚𝑎𝑥. 𝑘𝑛 is equal to 𝜎𝑚𝑎𝑥𝑒/𝛿0. 161 

The second path is analogous to the purely elastic behaviour. Specifically, the traction 162 

separation curve could pass through the origin of coordinates. The normal traction of the second 163 

path can be calculated using Equation (12) [19]. 164 

 𝑇𝑛 = 𝑇𝑛,𝑚𝑎𝑥 +
𝑇𝑛,𝑚𝑎𝑥

∆𝑢𝑛,𝑚𝑎𝑥
(∆𝑢𝑛 − ∆𝑢𝑛,𝑚𝑎𝑥)  (12) 165 

3.4 Acceleration strategy 166 

High-cycle fatigue tests usually take a long time. The cycle number reached before the final failure 167 

could be up to millions. Therefore, the cycle-by-cycle simulation strategy is impractical. To 168 

accomplish high-cycle fatigue crack growth simulation, three acceleration simulation methods have 169 

been proposed, i.e. the linear scaling method [12,16,20,21], the linear extrapolation method [22–30], 170 

and the envelope method [31–33]. The linear scaling method introduces a linear scaling factor 𝛽 171 

into the damage evolution law. In this way, the material can reach failure in a relatively small number 172 

of cycles. In the post-process, multiply simulated cycle numbers by 𝛽 to obtain the predicted cycle 173 

number. The linear extrapolation method incorporates the features of both the cycle-by-cycle 174 

method and the linear scaling method. Specifically, it firstly simulates three or five cycles by the 175 

cycle-by-cycle method. Afterwards, it calculates every cycle’s damage contribution. Finally, it 176 

multiplies the average damage increment by the number of several cycles as the damage contribution 177 

of next few simulation cycles. By repeating these three steps, the simulation time of high-cycle 178 

fatigue tests can be significantly reduced. The envelope method replaces the cyclic loading with 179 

static loading and correlates the damage increment with the loading time. In summary, each of the 180 

three acceleration methods has its own advantages. In this paper, only the linear scaling method was 181 

employed, because it is easy to program. 182 

4 Monotonic loading simulation 183 

4.1 Development of finite element models 184 

The fracture toughness test was simulated using the Abaqus software [34]. To reduce the number of 185 

elements, the 3D specimen was simplified into a 2D model. Considering the symmetry of the 186 

specimen, only one-half of the whole model was established to further reduce the model size. The 187 

established model comprises a parent region and a cohesive element region. During loading, the 188 

stiffness of cohesive elements degrades gradually when element damage starts to accumulate. The 189 

stiffness degradation usually causes convergence issues. The Abaqus help documentation 190 

recommends utilising a viscosity coefficient to facilitate convergence. Through trial and error, it is 191 



found that augmenting the viscosity coefficient can significantly improve convergence. 192 

Nevertheless, the increased viscosity coefficient will also affect simulation results and influence 193 

further analysis. An alternative solution to convergence issues is to adopt fine meshes in the cohesive 194 

element region. Although this solution eliminates the need to introduce viscosity coefficients, it 195 

requires more elements and consumes more computational time. To limit the computational time, 196 

transitional meshes were used in the parent region. The generated transitional meshes are presented 197 

in Fig. 4, containing 7 transitional layers. Uniform meshes were used in the cohesive element region. 198 

The cohesive elements measure 0.01 mm in length and 0 mm in thickness. Cohesive elements share 199 

boundaries with the bottom elements of the parent region. 200 

The cohesive element type was the 2D 4-node cohesive element COH2D4. Literature 201 

[16,20,35–37] suggests that the plane strain assumption should be used when specimen thickness is 202 

in the range of 9-12.5 mm. Literature [12,38] argues that when the CT specimen thickness is in the 203 

range of 3-5 mm, the plane stress assumption should be used. The authors of this paper believe that 204 

a thickness of 12 mm may not allow most of the crack front to reach the plane strain state. Given 205 

this, elements of the parent region were set to 4-node plane strain element CPE4 and 4-node plane 206 

stress element CPS4, respectively. Both simulation results will be compared to find out the proper 207 

stress state assumption. The Young’s modulus of the parent region was set to 2.06 × 105 MPa and 208 

the Poisson’s ratio was set to 0.3. The plastic behaviour of the parent region complied with the law 209 

of kinematic hardening, and the plastic parameters were set according to the true stress-strain curve 210 

of Q420C steel. The material behaviour of cohesive elements was set by a UMAT subroutine, which 211 

was programmed based on the monotonic cohesive zone model. The monotonic cohesive zone 212 

model is equivalent to the cyclic cohesive zone model that only includes the traction separation law. 213 

Literature [39] recommends that the initial normal cohesive strength 𝜎𝑚𝑎𝑥,0 for the plane strain state 214 

takes 3𝜎𝑦~4𝜎𝑦, and the 𝜎𝑚𝑎𝑥,0 for the plane stress state takes 2𝜎𝑦. In this paper, 𝜎𝑚𝑎𝑥,0 was set to  215 

2𝜎𝑦, 2.5𝜎𝑦, and  3𝜎𝑦 for both the plane strain assumption and the plane stress assumption. The 216 

cohesive length 𝛿0 is determined from the total energy Г of the monotonic cohesive zone model 217 

with the equation Г = 𝜎𝑚𝑎𝑥,0𝛿0𝑒. In theory, the total energy Г is equal to the energy release rate 218 

𝐺. Under the condition of small-scale yielding, for the plane strain condition, 𝐺𝐼 = (1 − 𝜈2)/𝐸 ∙ 𝐾𝐼
2, 219 

𝐺𝐼 = 𝐶𝑇𝑂𝐷 ∙ 𝜋 ∙ 𝜎𝑦/[4 ∙ (1 − 2𝜈)] ; for the plane stress condition, 𝐺𝐼 = 1/𝐸 × 𝐾𝐼
2 , 𝐺𝐼 = 𝐶𝑇𝑂𝐷 ∙220 

𝜋 ∙ 𝜎𝑦/4. The fracture toughness parameters 𝐾𝑄 and 𝛿𝑚(12) were substituted into these equations, 221 

respectively, and the corresponding 𝛿0 was calculated. Parameters used in all simulation cases are 222 

summarised in Table 2. 223 

4.2 Results and discussions 224 

The contrast between the simulation and experimental results is presented in Fig. 5. The first number 225 



in the legend represents the initial normal cohesive strength 𝜎𝑚𝑎𝑥,0  and the second number 226 

represents the cohesive length 𝛿0. The element type of the parent region is placed in parentheses. 227 

For plane strain cases where parameters are calculated by 𝛿𝑚(12), as 𝜎𝑚𝑎𝑥,0 increases, the maximum 228 

load that can be achieved also rises, and a load plateau tends to appear. With the decrease of 𝜎𝑚𝑎𝑥,0, 229 

the maximum load obtained in simulation may be equal to the test results, but the F-CMOD curve 230 

will drop rapidly after the maximum load. For plane strain cases where parameters are calculated 231 

by 𝐾𝑄, the maximum load achieved in simulation is much smaller than the test values. In addition, 232 

the bearing capacity of the specimen decreases rapidly after the peak load. The reason is that when 233 

cohesive elements fail, the absorbed energy is too small. Therefore, it can be concluded that the 234 

plane strain assumption is not suitable for the monotonic loading simulation of the 12 mm thick CT 235 

specimen. 236 

For six plane stress cases (Fig. 5b), except the case where 𝜎𝑚𝑎𝑥,0=860 MPa and 𝛿0=0.00661 237 

mm, the F-CMOD curves of other cases are all close to experimental values. Quantitatively 238 

analysing the maximum load and corresponding CMOD, analysis results are summarised in Table 239 

3. The comparison shows that the case where 𝜎𝑚𝑎𝑥,0=860 MPa and 𝛿0=0.03092 mm is the closest 240 

to the experimental values. Thus, a conclusion can be drawn that the plane stress assumption is more 241 

suitable for the monotonic loading simulation of the 12 mm thick CT specimen. When the 242 

conditional fracture toughness 𝐾𝑄 is not equal to the plane strain fracture toughness 𝐾𝐼𝐶, the elastic-243 

plastic fracture toughness CTOD should be used to calculate the 𝛿0. 244 

5 Cyclic loading simulation 245 

5.1 FEM model configuration 246 

In contrast to the monotonic loading simulation, the computational cost of the cyclic loading 247 

simulation dramatically increases with the increasing cycles. To reduce the computational cost of 248 

high-cycle fatigue simulation, a new meshing strategy is adopted in this section, which increases 249 

the size of bottom elements in the parent region, changes the connection method between parent 250 

region elements and cohesive elements from shared edges to bound boundaries, and makes the 251 

cohesive element size smaller than the size of bottom elements in the parent region. The resulting 252 

mesh is shown in Fig. 6. The minimum parent region element size is 0.1 mm, and three layers of 253 

transitional meshes are used to link the coarse and fine mesh areas. Cohesive elements measure 0 254 

mm in thickness and 0.02 mm in length. 255 

Based on the conclusions in Section 4, element type CPS4 was employed in the parent region 256 

and element type COH2D4 was chosen in the cohesive element region. The material behaviour in 257 

the parent region complies with the law of kinematic hardening. The elastoplastic parameters are set 258 



according to the true stress-strain curve of Q420C steel. Cohesive elements adopt two different 259 

CCZMs. The first CCZM employs the first unloading-reloading path and is designated as v25. The 260 

second CCZM adopts the second unloading-reloading path and is designated as v35. The loading 261 

waveform, the maximum load, and the load ratio used in the simulation are all consistent with the 262 

practical test parameters. Endurance limit ratio 𝐶𝑓 is set as 0.25. Accumulated cohesive length 𝛿∑ 263 

equals 𝛼𝛿0. Parameter 𝛼 adjusts the rate of damage accumulation according to the load ratio, and 264 

improves the accuracy of simulation results. 𝛼 is related to both the material property and the load 265 

ratio. The linear scaling method is used to reduce simulation time, and the effect of the linear scaling 266 

factor 𝛽 is studied by setting 𝛽/𝛼 to 0.125, 0.25, 0.5, 1, and 2. Finally, the robustness of CCZMs is 267 

examined by changing the cohesive element size (from 0.02 mm to 0.04 mm and 0.08 mm), and 268 

changing the bottom parent region element size (from 0.1 mm to 0.2 mm and 0.4 mm).  269 

5.2 The effect of load ratio and linear scaling factor 270 

In the post-processing module of ABAQUS, a Python script is created to automatically obtain the 271 

crack length 𝑎 – cycle number 𝑁 curve from simulation results. The 𝑎 − 𝑁 curve at 𝛽/𝛼 = 0.25 is 272 

used as a benchmark, and the most appropriate value of linear scaling factor 𝛽 is found by trial 273 

calculations with an increment of 50. For cases where 𝛽/𝛼 takes other values, the value of 𝛽 is 274 

scaled up or down. In the post-process, the number of simulated cycles is multiplied by the 275 

corresponding 𝛽, and the processed results are presented in Fig. 7(a-b) and Fig. 8(a-b). Only 𝑎 − 𝑁 276 

curves at 𝛽/𝛼 = 0.125  or 0.25 are further processed by the 7-points incremental polynomial 277 

method [40] to obtain rate curves, and the obtained rate curves are shown in Fig. 7(c-d) and Fig. 278 

8(c-d). The experimental data in Fig. 7 and Fig. 8 are extracted from the literature [41]. In the legend, 279 

v25 and v35 are the model numbers, respectively. R01 and R03 represent load ratios. The number 280 

following the letter x represents 𝛽/𝛼. The number in parentheses stands for 𝛽. 281 

For the cyclic cohesive zone model v25, a larger 𝛽/𝛼 could shorten simulation time, but also 282 

reduce the propagation distance. It can be seen from 𝑎 − 𝑁 curves that, as 𝛽/𝛼 increases, the crack 283 

growth rate at a given ∆𝐾  in the later stages increases. Therefore, to obtain accurate simulation 284 

results, the value of 𝛽/𝛼  should not be too large. As 𝛽/𝛼  decreases, the difference between 285 

simulated 𝑎 − 𝑁 curves gradually decreases. Nevertheless, the value of 𝛽/𝛼 cannot be too small, 286 

because too small a value of 𝛽/𝛼 would considerably increase computational time and cause an 287 

abnormal drop in crack growth rates in the later stages. By trial and error calculation, it is found that 288 

𝛽/𝛼=0.25 is the most suitable value when using the CCZM v25. In addition, the load ratio affects 289 

the value of 𝛽. When 𝛽/𝛼 is equal to 0.25, 𝛽 can take the value of 250 at a load ratio of 0.1, and 290 

take the value of 400 at a load ratio of 0.3. 291 

The results simulated with CCZM v35 differ significantly from those with CCZM v25 in 292 



several respects. Firstly, a larger 𝛽/𝛼 would lead to a smaller rate at the same ∆𝐾 in the later stages. 293 

Secondly, when 𝛽/𝛼 takes a small value, there is no abnormal drop in the rate curves. Thirdly, as 294 

𝛽/𝛼 decreases, the difference between simulated 𝑎 − 𝑁 curves decreases quickly. It can be seen 295 

from Fig. 8(a-b) that when 𝛽/𝛼 equals 0.125 or 0.25, the 𝑎 − 𝑁 curves are identical. Finally, When 296 

𝛽/𝛼 is equivalent to 0.25, in cases of CCZM v35, 𝛽 can take the value of 350 at a load ratio of 0.1, 297 

and take the value of 600 at a load ratio of 0.3. 298 

Considering that the test involves only two load ratios (0.1 and 0.3), a linear relationship 𝛼 =299 

𝑘𝑅 + 𝑏 is herein suggested to reflect the effect of the load ratio on parameter 𝛼. By fitting analysis, 300 

the specific expression of this linear relationship in both CCZMs is as follows: 301 

For CCZM v25: 𝛼 = 3000𝑅 + 700  (13) 302 

For CCZM v35: 𝛼 = 5000𝑅 + 900  (14) 303 

5.3 The robustness study 304 

For robustness studies, the simulation results of CCZMs are shown in Fig. 9. In the legend, v25 and 305 

v35 represent the model numbers of CCZMs. R01 and R03 are load ratios. The number following 306 

the letter x stands for 𝛽/𝛼. The first number in parentheses is the minimum element size in the 307 

parent region, and the second number represents the length of cohesive elements. The purpose of 308 

robustness studies is to examine the influence of different mesh sizes on simulation results, so 𝛽/𝛼 309 

is set as a constant value of 0.25. It can be seen from the simulation results that under the same 310 

loading condition, the variation of mesh size does not affect simulation results. Therefore, a 311 

conclusion can be drawn that CCZMs have good robustness when simulating the high-cycle fatigue 312 

crack growth behaviour of Q420C steel. 313 

5.4 Application suggestions 314 

In conjunction with the findings of the previous subsections, a few suggestions can be made for the 315 

application of CCZMs to the high-cycle fatigue crack propagation simulation. For the two CCZMs 316 

with different unloading-reloading paths, the second path should be preferred in applications. When 317 

meshing is performed, the coarse mesh is first used for the trial calculation, and the mesh is then 318 

gradually refined until fatigue cracks propagate successfully without convergence issues. In the 319 

damage evolution law, 𝛽/𝛼 could be set to 0.25. In the post-process, parameter 𝛽 is determined by 320 

fitting experimental data or calculated through 𝛼 from Equations (13) or (14). 321 

6 Conclusions 322 

In this study, fracture toughness tests were carried out on hot-rolled steel Q420C. The parameters of 323 

the monotonic cohesive zone model are calibrated based on the toughness test data. Finally, the 324 



simulation accuracy and robustness of the two cyclic cohesive zone models are investigated. 325 

Research results show that longitudinal cracks in the Q420C steel sheet exhibit ductile fracture in 326 

toughness tests. As Q420C steel has excellent toughness, the elastic-plastic fracture toughness 327 

CTOD should be used to calculate the fracture energy of the monotonic cohesive zone model, rather 328 

than the conditional fracture toughness 𝐾𝑄. When simplifying 3D 12 mm thick specimens to 2D 329 

models, the plane stress assumption is more appropriate than the plane strain assumption. Cyclic 330 

cohesive zone models have good robustness to mesh sizes, no matter which unloading-reloading 331 

path is adopted. Furthermore, the cyclic cohesive zone model whose unloading-reloading path 332 

through the origin of coordinates is the better choice for engineering applications. 333 
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(a)                                                          (b) 459 

Fig. 1.  Specimens (a) labels, (b) dimensions (unit: mm). 460 
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Fig. 2. Fracture toughness test. 462 
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Fig. 3. Typical forces of fracture toughness determination in the F-CMOD curve. 464 
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 465 

Fig. 4. Transitional mesh configuration of the CT specimen (half model for the monotonic loading 466 

simulation). 467 

Pre-fatigue crack tip

Cohesive elements



 468 

Fig. 5. Simulation results of fracture toughness tests. (a) plane strain case, (b) plane stress case. 469 



 470 

Fig. 6. Transitional mesh configuration of the CT specimen (half model for the cyclic loading 471 

simulation). 472 
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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 473 

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. 474 

(test data are extracted from Ref [41]) 475 



  

  

Fig. 8. Simulation results of CCZM v35. (a) 𝑎 − 𝑁 curves at the load ratio of 0.1, (b) 𝑎 − 𝑁 curves at 476 

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. 477 

(test data are extracted from Ref [41]) 478 



  

  

Fig. 9. Robustness study. (a) the effect of different cohesive element sizes with CCZM v25, (b) the 479 

effect of different cohesive element sizes with CCZM v35, (c) the effect of different matrix element 480 

sizes with CCZM v25, (d) the effect of different matrix element sizes with CCZM v35. 481 
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Table 1 Calculated values of fracture toughness  484 

Specimen 

label 

𝐵 
(mm) 

𝑊 

(mm) 

𝑎0 
(mm) 

𝐹𝑄 

(kN) 

𝐹𝑚 

(kN) 

𝐾𝑄 

(MPa√m) 

𝛿𝑚(12) 

(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 

 485 



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

𝜎𝑚𝑎𝑥,0 

(MPa) 

𝛿0 

(mm) 
Stress state 

Fracture toughness 

used for calculation 

1290 0.00401 plane strain mean 𝐾𝑄 

1075 0.00481 plane strain mean 𝐾𝑄 

860 0.006015 plane strain mean 𝐾𝑄 

1290 0.05153 plane strain mean 𝛿𝑚(12) 

1075 0.06183 plane strain mean 𝛿𝑚(12) 

860 0.07729 plane strain mean 𝛿𝑚(12) 

1290 0.00441 plane stress mean 𝐾𝑄 

1075 0.00529 plane stress mean 𝐾𝑄 

860 0.00661 plane stress mean 𝐾𝑄 

1290 0.02061 plane stress mean 𝛿𝑚(12) 

1075 0.02473 plane stress mean 𝛿𝑚(12) 

860 0.03092 plane stress mean 𝛿𝑚(12) 

 487 

 488 



Table 3 Comparison between plane stress simulation results and test values. 489 

𝜎𝑚𝑎𝑥,0 

(MPa) 

𝛿0 

(mm) 

𝐹𝑚𝑎𝑥 + (percent error) 

(kN) + (-) 

CMOD at 𝐹𝑚𝑎𝑥 + (percent error) 

(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%) 
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