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Abstract

:

Natural gas transmission pipelines installed in seismic and permafrost regions are vulnerable to cyclic loads with a large strain amplitude. Under these conditions, the pipe may fail in extremely low cycles, a situation which is also known as extremely low cycle fatigue (ELCF) failure. The fracture mechanism of ELCF shows significant difference to that of low cycle fatigue, and the ELCF life usually deviates from the Coffin–Manson law. Thus, it is essential to develop an effective model to predict ELCF failure of the pipeline. In this study, a series of ELCF tests is performed on pipeline steel (X70). A damage coupled mixed hardening model is developed to simulate the fracture behaviors. Continuum damage law under monotonic load is extended to cyclic load by introducing the effective equivalent plastic strain. By assuming the cyclic softening is induced by the damage accumulation, the damage parameters are fitted directly from the peak stress in each cycle. Then, the model is input into commercial software ABAQUS with a user material subroutine to simulate the fracture behaviors of these specimens. The simulation results show good agreements with the test results both under cyclic and monotonic load, which verifies the reliability of the model.
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1. Introduction


Pipeline transportation has been widely used in the oil and gas industry; it is one of the safest modes of transportation and has failure rates much lower than railroad or highway transportation [1]. However, failures do occur, and the fracture failure of pipelines may have catastrophic consequences. In order to conduct fracture failure analysis of pipelines effectively, it is necessary to identify the fracture modes of the pipeline material that may occur during a pipeline’s service [2,3,4]. Fracture modes of pipeline steel can be commonly classified into several categories, including ductile fracture, brittle fracture and fatigue fracture [5,6,7,8,9,10,11]. Pipeline steel is generally required to have high plasticity and toughness. Under large strain loads, pipeline steel undergoes ductile fracture, accompanied by the nucleation, growth and coalescence of void at the microscopic level [8,9,12]. At low temperatures, brittle fracture of the pipeline steel may occur due to a decrease in toughness [10,13]. Fatigue fracture is also a common failure mode of pipeline steel which occurs under cyclic load [5,6,14]. According to the fatigue cycles, fatigue fracture can be further divided into low cycle fatigue fracture (LCF, Nf < 10,000) and high cycle fatigue fracture (HCF, Nf > 10,000). LCF fracture is usually associated with localized plastic deformation [7,11]. The ductile fracture, brittle fracture and fatigue fracture of pipeline steel have been intensively investigated.



However, with the exploitation of oil and gas expanding into seismic and permafrost regions, pipelines are more vulnerable to cyclic loads with a large strain amplitude [15,16,17]. Under such conditions, pipes may undergo large plastic deformation and fail in extremely low cycles (Nf < 100), which is also called extremely low cycle fatigue (ELCF) [18,19,20,21]. The fracture behavior of the ELCF shows significant difference to that of general LCF. Under a large strain cyclic load, the material will undergo obvious strain hardening or softening phenomenon. In addition, compared with the generation and expansion of micro-cracks under fatigue load, the fracture mechanism of the ELCF is more similar to the ductile fracture mechanism under monotonic load [22,23]. On the fracture surface of the ELCF, the nucleation and growth of void can be clearly observed [18]. Therefore, the ELCF life usually deviates from the Coffin–Manson law, which is widely used to predict LCF life [15]. It is essential to develop an effective model to predict the ELCF failure of pipeline according to its fracture mechanism.



Recently, a series of ductile fracture models have been proposed in the literature [24,25,26,27,28]. These models can be mainly divided into two categories: damage uncoupled and damage coupled fracture models [29,30]. The uncoupled model ignores the degradation of macroscopic mechanical properties such as strength and stiffness due to damage accumulation [31,32]. These models can be further classified as empirical and physically based models [31]. Empirical models are developed based on experimental observations or theoretical analyses. The first empirical ductile fracture model was developed by using the plastic work as a damage indicator [29]. Since then, numerous empirical models have been developed based on the consideration of various factors causing ductile fracture [31,33]. Physically based models for ductile fracture are developed according to the mechanisms of void nucleation, void growth and void coalescence. Several micro-mechanism-inspired uncoupled models were proposed to predict the initiation of fracture under various stress states [34,35].



The damage coupled model integrates the constitutive properties of materials, and it can predict the deterioration of mechanical properties caused by damage accumulation [29,30]. The Gurson–Tvergaard–Needleman (GTN) model is one of the well-known damage coupled models, and was developed on the basis of a series of researchers’ achievements [36,37,38]. Firstly, Gurson proposed the initial porous plasticity model [39]. Then, the void nucleation effect, void interaction effect and void coalescence mechanism were introduced to establish the final GTN model [40]. In addition to the GTN model, Lemaitre [41] proposed another coupled ductile fracture model based on the theories of continuum damage mechanics and thermodynamics, namely the continuum damage mechanics (CDM) model. Rather than describing the changes in micro-void, the CDM model pays more attention to the process of damage evolution and the influence of damage on the macroscopic mechanical properties [25,28]. Compared to the uncoupled model, the damage coupled model can reflect the actual process of plastic deformation and damage evolution of materials more accurately [42]. However, due to the integration of material constitutive relations, these models often contain more parameters. The determination of these parameters is usually difficult work [29,30].



Several ELCF models have been proposed according to the empirical or physically based ductile fracture models [20,43,44,45]. The Mohr–Coulomb ductile fracture model was extended to predict ELCF fracture by introducing two weight functions [46]. By assuming the rate of void expansion is equal to the rate of void contraction, a cyclic void growth model (CVGM) and a degradation significant plastic strain (DSPS) model were proposed based on the void growth (VGM) model and the stress modified critical strain (SMCS) model, respectively [47]. Smith proposed the stress weighted ductile fracture (SWDF) model to modify the CVGM model under moderate and low stress triaxiality [48]. However, most of the current work for predicting ELCF fracture behavior focuses on the damage uncoupled models [15,18]. The availability of damage coupled models for ELCF fracture is limited in the literature.



Thus, in this study, the CDM model under monotonic load is extended to cyclic load by introducing the effective equivalent plastic strain. Combined with a mixed hardening criterion, the damage coupled model is developed to simulate the ELCF fracture behavior of the pipeline steel (X70). By assuming the cyclic softening is induced by the damage accumulation, the damage parameters can be fitted directly from the test results, which solves the difficult problem of parameter determination in damage coupled models. Then, the model is input into commercial software ABAQUS with user material subroutine (VUMAT) to simulate the fracture behaviors. At the end, the fracture characteristics of the ELCF are analyzed according to the internal variables in VUMAT.




2. ELCF Tests


The pipeline steel (X70) used in this study was manufactured using the thermo-mechanical controlled process (TMCP) [17,49], and has a higher deformability compared to traditional X70 steel. A series of uniaxial monotonic and cyclic load tests were carried out on three types of specimens. Figure 1 shows the geometries and pictures of these specimens: smooth round (SR) and notched round (NR) specimens with two different notch radii (the notch radius were R = 2.0 and 4.0 mm). The tests were performed using a universal test machine (MTS Inc., Minneapolis, MN, USA) and conducted at room temperature. The monotonic tests were performed under displacement-controlled mode with a loading rate of 1 mm/min. Tensile properties obtained from SR specimens are shown in Figure 2. The yield strength and tensile strength are 472.1 MPa and 626.2 MPa, respectively. The uniform deformation section can reach up to 10%.



A series of uniaxial symmetrical strain cyclic tests were performed in triangular waveform under the strain-controlled mode to evaluate the ELCF properties. The loading conditions are listed in Table 1 with a loading frequency of 0.02 Hz. Figure 3 shows the test setup and the measured specimen. An extensometer with a gauge length of 10 mm was attached to the specimen to accurately measure the average strain on the test segment. The test results for the SR and NR specimens are shown in Figure 4 and Figure 5, respectively. It can be seen from Figure 4b that the whole lifetime of the ELCF can be broken into 3 stages: (1) the initial stage, (2) the steady stage and (3) the failure stage. Cyclic hardening is observed in the initial stage, while cyclic softening occurs in the steady stage, which is considered to be related to the damage evaluation. In the failure stage, the stress decreases dramatically with the initiation and propagation of macroscopic cracking. The cyclic softening (damage evolution) stage accounts for over 80% of the total lifetime. The test life to final fracture is listed in Table 1. It can be seen that both the strain amplitude and stress triaxiality (notch radius) have a significant effect on the ELCF life. With the increase in strain amplitude and stress triaxiality (the decrease in notch radius), the ELCF life decrease significantly.




3. Damage Coupled Mixed Hardening Model


3.1. CDM Model for ELCF


Based on Lemaitre’s work [41], damage law under monotonic load can be expressed as:
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where E is the elastic modulus; K and S0 are the material parameters; D is the damage parameter and dD is the increment of accumulated damage. D0 corresponds to the materials with no defect. p is the accumulated equivalent plastic strain. σe, σm and v are the von mises stress, hydrostatic stress and Poisson’s ratio, respectively. The damage evolution law in Equation (1) can be analytically integrated between (Dcr and D0) and (pcr and pth) for uniform deformation during which the triaxiality factor remains constant (σm/σe = 1/3).
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where pth is the threshold strain for damage initiation and Dcr is the critical amount of damage at the critical plastic strain, pcr. Setting D0 to 0 and substituting Equation (3) into Equation (1) yields:
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Damage has been assumed to accumulate only in the tensile stress state (σm/σe > 0) in related research work [18,50]. Thus, in this study, the effective equivalent plastic strain is introduced to extend the CDM model under monotonic load to cyclic load, which is defined as:
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Correspondingly, the damage evolution equation can be written as:
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Then, the damage for SR specimens can be derived as:
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This formulation allows the calibration of damage parameters directly from ELCF tests results of SR specimens.




3.2. Damage Coupled Mixed Hardening Model


In the constitutive framework of CDM, the effective stress is defined as:


    σ  ~  =   σ   ( 1 − D )    



(8)







Correspondingly, damage can be coupled to mixed hardening model with von Mises yield criterion:
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where S, a and Y are the deviatoric stress tensor, back stress tensor and yield stress, respectively. Back stress tensor characterizes the yield surface center and evolves according to Chaboche’s nonlinear kinematic hardening rule:


  a =  ∑    a   i     ,   i = 1 , 2 , 3  



(10)
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where ai is the ith component of deviatoric back stress a, εp is the plastic strain tensor and Ci, γi are the material parameters.



The yield stress is considered to vary according to nonlinear isotropic hardening:
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where Q0, Qa and Qb are the material parameters.




3.3. Calibration of Model Parameters


The hardening parameters are determined from a uniaxial strain-controlled stable hysteresis loop [50]. Assuming that in the stable hysteresis loop, γ1 and γ2 are large enough so that the back stresses a1 and a2 reach to their own extremum, while γ3 is relatively small so that the back stress a3 increases linearly through the entire loop. Then, C3 can be determined from the slope of the linear segment of hysteresis loop at high strain ranges. A large value of C1/γ1 is chosen to match the plastic modulus at yielding. The value of C2/γ2 is adjusted to match the nonlinear portion of the stable hysteresis loop. Finally, the values of γ3, Q0, Qa and Qb are determined according to the stress–strain curve in the first cycle. Values of the coefficients determined are tabulated in Table 2.



There are four damage evolution parameters (Dcr, α, pcr and pth) that should be calibrated. It is assumed that cyclic softening in the steady stage is caused by the accumulation of damage. Thus, the damage to SR specimens in each cycle can be quantified according to the decrease in peak stress in steady stage as shown in Figure 6a. Quantified damage (D) and effective accumulated equivalent plastic strain (p+) are obtained for SR specimens under cyclic load as shown in Figure 6b, which is fitted using Equation (7). Values of the damage parameters determined are tabulated in Table 2.




3.4. Numerical Algorithm to Solve Damage Coupled Mixed Hardening Model


This damage coupled mix hardening model is input into Abaqus user material subroutine VUMAT, which is globally following the explicit integration scheme, and which will give accurate material response at each time interval. The return mapping algorithm is employed locally and consists of two steps: elastic prediction and plastic correction. Assuming that all variables at time step tn have been solved and the strain increment at time step tn+1 is purely elastic, the trial stress at the time step tn+1 can be obtained:
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where     D   n     is the damage at the time step tn; E is the elastic stiffness tensor;     ε   n + 1     is the strain tensor at the time step tn+1 and     ε   n   p     is the plastic strain tensor at time step tn. Similarly, in the following equations, the subscript n and n+1 indicate the variables at the time step tn and tn+1, respectively. In the case where:
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where     S   n + 1   ∗     is the trial deviatoric stress tensor the time step tn+1, we have       σ   n + 1   =   σ   n + 1   ∗    . Also, non-linear equation should be solved to obtain     Δ ε   n + 1   p   .   The deviatoric stress tensor at the time step tn+1 is given by:
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Then, it can be obtained:
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According to Equations (10) and (11), we can have:
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According to the plastic flow criterion, it has:
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Combining Equation (20) with Equation (17), it can be derived as:
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With the yield criterion       F   y ( n + 1 )   = 0  :
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This is a nonlinear equation for   Δ   p   n + 1     which can be solved using Newton–Raphson iteration algorithm. Once     Δ   p   n + 1       is obtained, all the other variables can be updated accordingly.





4. Finite Element Analysis


4.1. FEA Model


Axisymmetric FE models of SR and NR specimens are constructed in ABAQUS/Explicit 6.14. The dimensions are the same as those given in Figure 1. Reduced explicit linear axisymmetric elements (CAX4R) are applied in the models. As shown in Figure 7, the mesh size at the gauge section is selected to be as small as 0.2 mm for the convergence of mesh. This results in mesh of 1320 CAX4R elements and 1407 nodes, 1360 CAX4R elements and 1449 nodes and 1281 CAX4R elements and 1369 nodes, for the SR, NR1 and NR2 specimens. Boundary conditions follow those applied in the test. The material properties are defined with the Abaqus user material subroutine VUMAT, and the parameters calibrated according to the test results are used. To obtain the quasi-static state, semi-automatic mass scaling is used with a target time increment of 10−4 at the beginning of the step. The ratio of kinetic to internal energy is kept below 1%.




4.2. FEA Results


The comparison of engineering stress–strain curves in the first three cycles in the ELCF tests and the FEA are shown in Figure 8. In the case of the SR specimens, the FEA results show good agreements with those of the tests, while with the increase in stress triaxiality (the decrease in notch radius), slight deviations can be observed. Overall, the simulation precision is acceptable. The maximum deviation of predicted stress at the monitoring strain is around 6%.



Accumulated equivalent plastic strain contours for SR and NR specimens in various load cycles are shown in Figure 9. In the case of the SR specimen, plastic strain accumulates uniformly along the center to the surface. In the case of the NR specimens, plastic strain accumulates faster at the surface. However, what is interesting is that we can see that the crack initiates in the specimen center both for the SR specimen and NR specimens where there is slower accumulation rate of plastic strain. This phenomenon of cracking from the inside is consistent with the experimental observation [46].



To explain this phenomenon, damage contours for SR and NR specimens in various load cycles are shown in Figure 10. Similarly, damage accumulates uniformly along the center to the surface for the SR specimen. However, the NR specimens show a completely different pattern of damage accumulation. When the load cycles reach seven, damage accumulation initiates at the surface of the NR specimens. This can be attributed to the faster accumulation of plastic strain at the surface, as shown in Figure 9. After the accumulated plastic strain reaches the threshold strain for damage initiation, the accumulation of damage initiates. However, it can be clearly observed that the accumulation rate of damage at the specimen’s center is faster than that at the specimen surface for the NR specimens. When it closes to Nf/2 cycles, the damage at the specimen center of the NR1 specimen is almost equal to that at the specimen surface. However, for the NR2 specimen, the damage at the specimen surface is still dominant. When it closes to Nf cycles, the accumulation of damage in the specimen center is more than that at the specimen surface both for the NR1 and NR2 specimens. The crack initiates inside the specimens and propagates towards the outer radius.



As indicated in Equation (6), the accumulation rate of damage is affected not only by the accumulation rate of plastic strain, but also by the stress triaxiality. Thus, the stress triaxiality contours for the SR and NR specimens in various load cycles are shown in Figure 11. With the decrease in notch radius, the triaxiality shows an obvious increase. In the case of the SR specimen, the stress triaxiality is between 0.4 and 0.3 along the center to the surface at the initial loading. In the case of the NR1 specimen, the stress triaxiality is between 0.55 and 0.44 along the center to the surface at the initial loading. In the case of the NR2 specimen, the stress triaxiality is between 0.65 and 0.52 along the center to the surface at the initial loading. With the increase in load cycles, the stress triaxiality increases. When it closes to Nf cycles, the highest level the stress triaxiality reaches is 0.41, 0.72 and 0.79 for the SR, NR1 and NR2 specimens, respectively. The specimen center shows higher stress triaxiality both for the SR specimen and the NR specimens regardless of load cycles, which explains the phenomenon of cracking from inside. The damage and fracture behaviors of the ELCF simulated using the proposed model are similar to those seen in ductile fracture under monotonic load [28].



The quantitative comparison of damage accumulation is revealed in Figure 12. Figure 12a shows the evolution history of damage in specimen centers (point c, as noted in Figure 7) of the SR and NR specimens. It can be seen that both the strain amplitude and stress triaxiality (notch radius) have a significant effect on the accumulation of damage. Figure 12b compares the evolution history of damage at the specimen center and surface (point s, as noted in Figure 7). The faster accumulation of damage in the specimen center is verified. In addition, it can be seen that the damage to the NR2 specimen at point c and point s reach the critical value almost simultaneously. Thus, it can be assumed that the location for crack initiation is related to the notch shape. With the decrease in notch radius, the location for crack initiation may shift from the center to the surface.



As mentioned above, under cyclic loads with a large strain amplitude, the crack initiates in the specimen center. Thus, it is difficult in practice to accurately determine the life of crack initiation in tests. In this study, the specimens are loaded to final fracture, and the Nf is recorded. The macro-crack grows in several cycles before the final fracture of the specimen. The precise simulation of crack propagation in FEA is quite difficult work, as it is sensitive to the mesh size due to the stress concentration at the crack tip. However, a too small mesh size will greatly reduce computational efficiency. Since the lifetime for crack propagation is much shorter than that for crack initiation, accurate crack propagation simulation is not pursued in this study, which also has little effect on the prediction of final fracture life of these specimens. The lifetimes for the final fracture of the specimens in the FEA are obtained as shown in Table 3. Compared to the test life, the maximum deviation of predicted life is around 16%. Due to the discreteness and randomness of fatigue life itself, the developed model can be considered reasonable and promising. This model is also applied to predict the fracture of the SR and NR specimens under monotonic load. The predicted results are shown in Figure 13, which verifies that the damage parameters calibrated according to the ELCF test results are also suitable for monotonic load. In addition, in the simulation of the NR specimens under monotonic load, the accumulation of damage also begins at the specimen surface, while the crack initiation occurs in the specimen center.




4.3. Discussions


The determination of parameters in traditional damage coupling models is usually achieved by comparing the FE and experimental results repeatedly. For the models with various parameters, it is usually a difficult task. The developed model in this study provides an explicit expression between effective plastic strain and accumulated damage for the SR specimen, which allows us to fit the damage parameters directly from the test data. Furthermore, test data for the SR specimens under various loading condition (ε = 1.5%, 1.9% and 2.3%) can be used to fit the damage parameters simultaneously, which can improve the reliability of the developed model.



For thick-walled pipelines, the crack may propagate for a long time after the crack initiation. In that case, the crack propagation life should not be ignored for the final fracture failure prediction of pipelines. Theoretically, the proposed CDM based model can be used to predict both the crack initiation and propagation behaviors. The FEA results also show that the proposed model cannot only predict the lifetime but also the locations for crack initiation reasonably. However, the simulation of crack propagation may depend strongly on the mesh size. How to predict the whole life (crack initiation and propagation) of pipelines effectively while ensuring the computational efficiency is also an interesting topic.





5. Conclusions


In this study, a series of ELCF tests is performed on pipeline steel (X70), and a damage coupled mixed hardening model is developed to simulate the fracture behavior. The conclusions obtained are as following:




	(1)

	
The lifetime of the ELCF for X70 can be broken into three stages: cyclic hardening, cyclic softening and the generation of macroscopic cracks. The cyclic softening (damage evolution) stage accounts for over 80% of the total lifetime. With the increase in strain amplitude and stress triaxiality, the ELCF life decreased significantly.




	(2)

	
The continuum damage law under monotonic load is extended to cyclic load by introducing effective equivalent plastic strain. A damage coupled mixed hardening model is developed to predict the fracture behavior of the ELCF. This model provides an explicit expression between effective plastic strain and accumulated damage for the SR specimens, which makes the fitting of parameters simpler and more reliable.




	(3)

	
The damage coupled mixed hardening model is numerically solved using Abaqus user material subroutine VUMAT. Compared to the test life, the maximum deviation of predicted life is around 16%, which verifies that the developed model is promising and reasonable.




	(4)

	
The FEA results show that the developed model cannot only predict the lifetime but also the locations of crack initiation reasonably. In the case of the NR specimens, though plastic strain accumulates faster in the surface of the specimen, the crack initiates from the specimen center due to the higher triaxiality. Such fracture behaviors are similar to those which occur in ductile fracture under monotonic load.
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Figure 1. Geometries and pictures of three test specimens: SR specimen, NR specimen with notch radius of 4 mm (NR1) and NR specimen with notch radius of 2 mm (NR2). 
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Figure 2. Monotonic uniaxial tensile curves. 
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Figure 3. Test setup of gage and specimens. 
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Figure 4. ELCF test results for SR specimens: (a) stabilized hysteresis loops and (b) evolution of peak stresses. 
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Figure 5. ELCF test results for NR specimens: (a) stabilized hysteresis loops and (b) evolution of peak stresses. 
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Figure 6. Determination of damage parameters: (a) definition of damage and (b) damage fitting. 
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Figure 7. FEA models for SR and NR specimens. 
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Figure 8. Comparison of stress–strain curves from ELCF tests and FEA in the first 3 cycles: (a) SR, (b) NR1 and (c) NR2. 
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Figure 9. Accumulated equivalent plastic strain contours in various load cycles: (a) SR specimen (ε = 2.3%), (b) NR1 specimen (ε = 1.3%) and (c) NR2 specimen (ε = 1.3%). 
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Figure 10. Damage contours in various load cycles: (a) SR specimen (ε = 2.3%), (b) NR1 specimen (ε = 1.3%) and (c) NR2 specimen (ε = 1.3%). 
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Figure 11. Stress triaxiality contours in various load cycles: (a) SR specimen (ε = 2.3%), (b) NR1 specimen (ε = 1.3%) and (c) NR2 specimen (ε = 1.3%). 
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Figure 12. Evolution history of damage: (a) in the center of specimens and (b) in the surface and center of specimens. 
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Figure 13. Comparison of stress–strain curves under monotonic load from tests and FEA. 
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Table 1. Load conditions and results of ELCF tests.
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	No.
	Specimen Type
	Strain Amplitude
	Loading Frequency
	Cycles





	1
	SR
	1.5%
	0.02 Hz
	49



	2
	SR
	1.9%
	0.02 Hz
	68



	3
	SR
	2.3%
	0.02 Hz
	95



	4
	NR1
	1.1%
	0.02 Hz
	75



	5
	NR1
	1.3%
	0.02 Hz
	57



	6
	NR2
	1.1%
	0.02 Hz
	58



	7
	NR2
	1.3%
	0.02 Hz
	30
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Table 2. Parameters of damage coupled mixed hardening model.
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Isotropic Hardening

	
Kinematic Hardening

	
Damage






	
Q0

	
Qa

	
Qb

	
C1

	
γ1

	
C2

	
γ2

	
C3

	
γ3

	
α

	
Dcr

	
pth

	
pcr




	
450

	
120

	
15

	
20,000

	
500

	
7000

	
200

	
1000

	
1

	
0.89

	
0.064

	
0.14

	
1.6
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Table 3. Comparison of ELCF life from test and FEA.
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	No.
	Specimen Type
	Strain Amplitude
	Test

Life (Cycle)
	Predicted

Life (Cycle)
	Deviation





	1
	SR
	1.5%
	95
	93
	2.1%



	2
	SR
	1.9%
	68
	69
	−1.5%



	3
	SR
	2.3%
	49
	54
	−10.2%



	4
	NR1
	1.1%
	75
	69
	10.7%



	5
	NR1
	1.3%
	57
	48
	15.8%



	6
	NR2
	1.1%
	58
	50
	13.8%



	7
	NR2
	1.3%
	30
	35
	−16.7%
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