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Abstract: Welding is the main method for oil/gas steel pipeline connection, and a large number of
girth welds are a weak part of the pipeline. Under extremely complex loads, a steel pipeline undergoes
significant plastic deformations and eventually leads to pipeline fracture. A damage mechanics model
is a promising approach, capable of describing material fracture problems according to the stress
states of the materials. In this study, an uncoupled fracture 2D model with a function of fracture strain
and stress triaxiality, two uncoupled 3D fracture models, a consider the effect of Lode parameter
stress-modified critical strain (LSMCS) model, and an extended Rice–Tracey (ERT) criterion were
applied to X80 pipeline girth welds. Comprehensive experimental research was conducted on
different notched specimens, covering a wide range of stress states, and the corresponding finite
element models were established. A phenomenon-based hybrid numerical–experimental calibration
method was also applied to determine the fracture parameter for these three models, and the stress
triaxiality of the influence law of the tensile strength was analyzed. The results showed that the
proposed fracture criterion could better characterize the ductile fracture behaviors of the girth welds
of the X80 pipeline; however, the prediction accuracy of the 3D fracture model was higher than that of
the 2D fracture model. The functional relationship between the tensile strength and stress triaxiality
of the X80 pipeline girth welds satisfied the distribution form of the quadratic function and increased
monotonically. The research results can be used to predict the fracture of X80 pipeline girth welds
under various complex loads.

Keywords: X80 pipeline girth weld; ductile fracture; damage model; tensile strength

1. Introduction

Pipelines made of high-strength steel are the most commonly used means of trans-
porting oil and gas (O&G) for onshore and offshore installations. X80 pipeline steel is
widely used for oil and gas pipelines because of its excellent mechanical properties, and
its laying quantity is also increasing [1,2]. Given the fixed length of pipes, long-distance
natural gas transmission pipelines have to be connected by manual girth welding every
12 m. Owing to several limitations, girth welds inevitably produce defects during the
welding process, making them a vulnerable point in pipeline structures. In actual projects,
pipelines are laid in a variety of environments, such as mountainous areas, deserts, glaciers,
and oceans. When these environments change or a third party carries out construction
activities in the vicinity, geological disasters, such as settlement and landslides, can occur
in the location of the pipeline. As weak points of the pipelines, girth welds are most likely
to be destroyed during these events. Recently, a strain-based method has been developed,
which has a better resolution to deal with global plastic deformations, compared with the
traditional stress-based method. This method has been applied to standards and recom-
mended practices to evaluate defects in pipes [3–6]. However, it is difficult to capture the
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actual failure physics involved in the localized plastic deformation and material tearing in
this method [7].

Fracture and damage mechanics theories are commonly employed to study ductile
fractures. Both theories require a full understanding of the mechanical properties of materi-
als. Based on 104 experimental results, Khalaj [8,9] realized the prediction of mechanical
properties of metal materials through artificial neural networks and successfully predicted
the tensile strength of X70 pipeline steel by chemical composition elements. Pouraliak-
bar [10] used an adaptive neuro-fuzzy interface system (ANFIS) to simulate the Charpy
impact energy of Al6061-SiCp laminated nanocomposites prepared by mechanical alloying
in two configurations of splitting and crack resistance, which provided a new idea for ob-
taining the mechanical properties of materials. In traditional fracture mechanics, material
fracture toughness data are required, and fracture toughness is considered in terms of the
resistance curve. Traditional fracture mechanics generally have certain limitations. First,
they must be studied based on material cracks, therefore, prediction of object fractures with-
out prefabricated cracks is impossible. Second, the crack propagation direction, including
the crack path deviations, cannot be predicted without a user-defined criterion [11].

However, the damage mechanics theory can describe the initiation and propagation of
cracks by allowing damage evolution to include the influences of both local stress and strain
variables [11]. Thus, the limitations of traditional fracture mechanics can be effectively
removed. The Gurson–Tvergaard–Needleman (GTN) model, based on micromechanics, is
a classical coupled damage mechanics model. This model was developed from the porous
plastic model developed by Gurson [12] and was used to describe the effect of holes on the
plastic behavior of materials. The model was then modified by Tvergaard and Needleman,
and the failure process of the materials was expressed by describing the evolution behaviors
of the holes [13,14]. However, the original GTN model could not describe the material
failure under shear stress. The modified GTN model [15–17] considering shear failure
resulted in an increase in the free parameters of the model, which make the calibration
difficult. The other model is an uncoupled fracture model that excludes the effect of damage
on the mechanical properties of materials, and is the common method used in industry.
The uncoupled fracture model typically consists of a mathematical expression based on
the relationship between the fracture strain and stress state, forming a fracture criterion.
Many uncoupled fracture models, such as Johnson–Cook criterion [18], stress-modified
critical strain model [19], Xue–Wierzbicki model [20], and extended Rice–Tracey (ERT)
criterion [21], have been developed.

Damage-mechanics models have been widely used for metal fractures [22–24]. Several
mechanical damage models have been applied to oil/gas pipelines. Oh [25–28] formulated
a series of notch tensile specimens for X65 pipeline steel, developed GTN and uncoupled
fracture models, and verified the accuracy of the model through blasting experiments with
full-scale pipelines having defects. Shinohara [29] integrated the GTN and Thomason
models to develop a fracture model capable of describing the anisotropic fracture behavior
of X100 pipeline steel. Paredes [30] calibrated the MMC (Mohr–Coulomb) parameters for
X70 pipeline steel. Han [31] calibrated the MMC material parameters versus ERT for X80
pipeline steel, based on experiments. Regarding the research on the ductile fracture of
girth welds in oil and gas pipelines, Sarzosa [32] developed the fracture track between
the Lode parameter, stress triaxiality, and fracture strain for the girth weld on the X65
pipeline, and the simulated fracture prediction effect was in good agreement with the test
results. Although damage models have been frequently applied by many researchers in
simulating ductile fractures in pipe steels, the feasibility of these models remains subject to
verification, and the calibration of parameters has been controversial. In addition, ductile
fracture models for pipeline girth welds are lacking.

In this study, a series of welded tensile specimens, under different stress states, was
designed for X80 pipeline girth welds, and a corresponding finite element model was estab-
lished. The girth-weld fracture parameters of the X80 pipeline under different stress states
were determined and obtained through experimental tests and finite element simulations.
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A 2D fracture model of the stress triaxial degree and fracture strain was established, and
the uncoupled 3D fracture model parameters of an extended Rice–Tracey (ERT) model and
the consider the effect of Lode parameter stress-modified critical strain (LSMCS) model
were fitted. The established constitutive and fracture models can be used for the safety risk
assessment of the girth welds of X80 pipelines.

2. Overview of the Damage Model
2.1. Characterization of Stress States

In previous studies on ductile fracture, stress triaxiality and the Lode parameter has
been extensively applied to characterize the stress states of materials and were the two
main parameters that affect fracture strain. The stress triaxial with the Lode parameter is
expressed as

η =
σm

σ
(1)

θ = 1 − 2
π

arccos
27J3

2σ3 (2)

where η is the stress triaxiality, θ is the dimensionless Lode angle parameter, σm is the mean
stress, σ is the equivalent stress, and J3 is the third invariant of the deviatoric stress.

σ =
√

3J2 =

√
1
2

[
(σ1 − σ2)

2 + (σ2 − σ3)
2 + (σ3 − σ1)

2
]

(3)

J3 = (σ1 − σm)(σ2 − σm)(σ2 − σm) (4)

σm =
1
3
(σ1 + σ2 + σ3) (5)

where J2 is the second invariant of the deviatoric stress and σ1, σ2, σ3 denotes the three
principal stresses in the stress tensor.

2.2. Uncoupled Fracture Models
2.2.1. Extended Rice–Tracey (ERT) Model

Rice and Tracey studied the growth of isolated spherical voids in an infinite ideal
rigid-plastic matrix and developed the well-known Rice–Tracey (RT) fracture criterion [33].
Gruben [21] introduced the influence of the Lode parameters in the RT model using the
correction proposed by Nahshon [17] and obtained the ERT model as follows:

ε
pl
f =

1
R1 exp(R2η) + R3 sin2[π

2 (1 − θ)]
(6)

where R1, R2, R3 are three material parameters to be determined, and ε
pl
f is fracture strain.

2.2.2. Consider the Effect of Lode Parameter Stress-Modified Critical Strain (LSMCS)
Model

Based on the stress-modified critical strain model (SMCS), which only considers stress
triaxiality on fracture strain, Huang [34] added the influence term of the Lode parameters
and developed the LSMCS model as follows:

ε
pl
f = α exp(−1.5η)[γ + (1 − γ)θ

2
] (7)

where α, γ are the two material parameters to be determined.

3. Experimental Methods

In this study, the ductile fracture of X80 pipe girth weld is studied by combining
test and simulation, and the flow chart is shown in Figure 1. Given that fabricating
small-sized tensile specimens for girth welds is difficult, a study was conducted to design



Buildings 2023, 13, 283 4 of 19

heteromorphic specimens with welded joints. To obtain the fracture parameters of X80
pipeline girth welds, the constitutive model of X80 pipeline steel must be determined. For
X80 pipeline steel, standard tensile specimens (smooth round bar: SRB) were designed
based on the requirements of GB/T +228.1−2010 [35], as shown in Figure 2. For weld
specimens, based on HB 5214−1996 [36], GB/T 7314−2017 [37], and HB 6736−1993 [38],
notched round bar tension specimens (radius: 1 mm, 3 mm, 5 mm, NRB1, NRB3, NRB5)
and compression and flat shear (FS) specimens were designed. Following a previous
study [31], a central-hole tensile specimen (CH6) with a central round hole diameter of
6 mm was designed, as shown in Figure 3. The stress state of high-stress triaxiality was
determined using round bar notch weld specimens; low-stress triaxiality was determined
using shear weld specimens; negative stress triaxiality was obtained using compression
specimens; and the stress state of stress triaxiality near 0.4 was determined using central-
hole tensile specimens.

Buildings 2023, 13, 283  4  of  19 
 

2.2.2. Consider the Effect of Lode Parameter Stress‐Modified Critical Strain (LSMCS) 

Model 

Based  on  the  stress‐modified  critical  strain model  (SMCS), which  only  considers 

stress triaxiality on fracture strain, Huang [34] added the influence term of the Lode pa‐

rameters and developed the LSMCS model as follows: 

2p l
f exp( 1 .5 )[ (1 ) ]           (7)

where  ,    are the two material parameters to be determined. 

3. Experimental Methods 

In this study, the ductile fracture of X80 pipe girth weld is studied by combining test 

and simulation, and the flow chart is shown in Figure 1. Given that fabricating small‐sized 

tensile specimens for girth welds is difficult, a study was conducted to design heteromor‐

phic specimens with welded joints. To obtain the fracture parameters of X80 pipeline girth 

welds, the constitutive model of X80 pipeline steel must be determined. For X80 pipeline 

steel, standard tensile specimens (smooth round bar: SRB) were designed based on the 

requirements of GB/T +228.1−2010 [35], as shown in Figure 2. For weld specimens, based 

on HB 5214−1996 [36], GB/T 7314−2017 [37], and HB 6736−1993 [38], notched round bar 

tension specimens (radius: 1 mm, 3 mm, 5 mm, NRB1, NRB3, NRB5) and compression and 

flat shear (FS) specimens were designed. Following a previous study [31], a central‐hole 

tensile  specimen  (CH6) with a central  round hole diameter of 6 mm was designed, as 

shown in Figure 3. The stress state of high‐stress triaxiality was determined using round 

bar notch weld specimens; low‐stress triaxiality was determined using shear weld speci‐

mens;  negative  stress  triaxiality was  obtained  using  compression  specimens;  and  the 

stress state of stress triaxiality near 0.4 was determined using central‐hole tensile speci‐

mens. 

 

Figure 1. Research flow chart. 

 

Figure 2. Standard tensile specimen (dimensions in mm). 

Figure 1. Research flow chart.

Buildings 2023, 13, 283  4  of  19 
 

2.2.2. Consider the Effect of Lode Parameter Stress‐Modified Critical Strain (LSMCS) 

Model 

Based  on  the  stress‐modified  critical  strain model  (SMCS), which  only  considers 

stress triaxiality on fracture strain, Huang [34] added the influence term of the Lode pa‐

rameters and developed the LSMCS model as follows: 

2p l
f exp( 1 .5 )[ (1 ) ]           (7)

where  ,    are the two material parameters to be determined. 

3. Experimental Methods 

In this study, the ductile fracture of X80 pipe girth weld is studied by combining test 

and simulation, and the flow chart is shown in Figure 1. Given that fabricating small‐sized 

tensile specimens for girth welds is difficult, a study was conducted to design heteromor‐

phic specimens with welded joints. To obtain the fracture parameters of X80 pipeline girth 

welds, the constitutive model of X80 pipeline steel must be determined. For X80 pipeline 

steel, standard tensile specimens (smooth round bar: SRB) were designed based on the 

requirements of GB/T +228.1−2010 [35], as shown in Figure 2. For weld specimens, based 

on HB 5214−1996 [36], GB/T 7314−2017 [37], and HB 6736−1993 [38], notched round bar 

tension specimens (radius: 1 mm, 3 mm, 5 mm, NRB1, NRB3, NRB5) and compression and 

flat shear (FS) specimens were designed. Following a previous study [31], a central‐hole 

tensile  specimen  (CH6) with a central  round hole diameter of 6 mm was designed, as 

shown in Figure 3. The stress state of high‐stress triaxiality was determined using round 

bar notch weld specimens; low‐stress triaxiality was determined using shear weld speci‐

mens;  negative  stress  triaxiality was  obtained  using  compression  specimens;  and  the 

stress state of stress triaxiality near 0.4 was determined using central‐hole tensile speci‐

mens. 

 

Figure 1. Research flow chart. 

 

Figure 2. Standard tensile specimen (dimensions in mm). Figure 2. Standard tensile specimen (dimensions in mm).

The experiment was performed using a CMT5150 universal test machine, with a
maximum load of 100 kN, manufactured by Meister Industrial System (China) Co., Ltd., in
June 2010. The distance of the extensometer was 50 mm, which has a grade 1 accuracy. All
the experiments were conducted with a loading rate of 0.45 mm/min. The material used in
this research was an X80 girth-weld pipe, with a diameter of 1219 mm and a pipe thickness
of 18.4 mm, The welding material was 91T8, and a steel grade can be additionally qualified
according to TR/ISO 15608 [39]. The average weld parameters used for preparing the
test weld using the FCAW process are (1) welding current 170 Amps; (2) welding voltage
20 V; (3) wire feed speed 5 m/min, and front arc energy 0.72 kJ/mm, while the V Groove
and welding were performed in accordance with GB/T 31032-2014 [40], and the welding
method according to ISO 4063 [41]. The size of the weld joint is shown in Figure 4. To
ensure the quality of the welding, non-destructive testing of the welds was performed;
non-destructive testing includes radiographic testing and time of flight diffraction, ensuring
that the source of specimen welds without defects. All specimens were obtained from the
longitudinal direction of the pipe, and the girth weld was ensured to be located at the notch
of the special-shaped specimen, as shown in Figure 5.
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Figure 5. Schematic of weld specimen pick-up.

4. Constitutive Equations
4.1. Constitutive Model of X80 Pipeline Steel

Figure 5 shows the true stress-strain curve of the X80 pipeline steel drawn based on the
results of the experiment. It was observed that X80 pipeline steel had no obvious yield plateau;
therefore, the stress when 0.2% plastic strain occurred was adopted as the yield strength
(Rp0.2). The mechanical parameters of X80 pipeline steel are summarized in Table 1.

Table 1. Mechanical parameters of X80 pipeline steel.

Young’s
Modulus (MPa)

Poisson’s
Ratio Yield Strength/Rp0.2 (MPa) Tensile Strength (MPa)

206,000 0.3 638 739

Under large strains, the difference in the stress anisotropy of X80 pipeline steel could
be ignored [31]; therefore, X80 pipeline steel could be regarded as an isotropic material in
this study. For invalid data of specimens after necking, stress-strain data before necking were
adopted, and the Johnson–Cook constitutive model was applied to fit the hardening curve
which describes the hardening behavior after necking. This parameter is expressed as [42]

σ =
[

A + B(εpl)
n]1 + C ln(

.
ε

pl

.
ε0

)

(1 − θ̂m) (8)

where εpl is the equivalent plastic strain,
.
ε
pl

.
ε0

is the dimensionless plastic strain rate, 1− θ̂m is a
temperature-related term, and A, B, C, n, m are parameters to be determined experimentally.

In this study, quasi-static loading was adopted, and the temperature changes of the
specimens during loading were ignored. Therefore, the temperature and strain rate terms
in Equation (8) were equated to 1, simplifying the equation into

σ = A + B
(

εpl
)n

(9)

The hardening curve data before neck shrinkage were selected for the preliminary
parameter fitting. The load-displacement curve of the standard tensile specimen was drawn
using a finite element software and was compared with the experimental results. The
slope of the hardening curve after the neck shrinkage was continuously adjusted until the
simulation (FEM) results were consistent with the experimental results. Finally, parameters
A, B, and n were determined to be 506.94 MPa, 398.467 MPa, and 0.17402, respectively. The
hardening curve is shown in Figure 6b, and a comparison of the experimental and finite
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element results is shown in Figure 6c. The established constitutive model can characterize
the mechanical behavior of X80 pipeline steel.
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Figure 6. X80 pipeline steel stress-strain curve: (a) true stress-strain curve, (b) Johnson–Cook harden-
ing curve, and (c) comparison of finite element and experimental results.

4.2. Constitutive Model of Girth Weld

According to numerous studies [43–46], the mechanical properties of the elastic stage
of a girth weld are consistent with those of the base metal, which was also considered in this
work. In this study, the constitutive relationship of the girth weld was determined using
compression specimens. Owing to the influence of the friction force at the loading end
of the compression machine, the compressed specimens formed obvious “drum shapes”.
This shape led to the inaccuracy of the constitutive relationship obtained directly through
experiments and the correct hardening constitutive curve of the weld material established
with the corresponding finite element model. Finite element software uses ABAQUS2022,
and Figure 7 shows the finite element model of the compression specimens. Two rigid plates
were set up in which the bottom plate was completely fixed, the upper plate was loaded
with a downward displacement, the friction coefficient (µ) between the rigid body presses
and the specimens was set to 0.15, and the mesh size was 0.2, totaling into 25,600 elements.
The quasi-static calculation was carried out using the C3D8R solid element and explicit
dynamics (the kinetic energy proportion was less than 5% of the internal energy). The
constitutive curve was constantly corrected using the finite element software, verifying until
it was consistent with the experimental conditions. The final plastic hardening constitutive
curve of the X80 girth weld is shown in Figure 8a, and Figure 8b shows the comparison
results between test and finite element model (FEM). The hardening constitutive model
finally determined can well reflect the mechanics of materials and uses a piecewise function
description of {

σ = 490.2 + 478.1(εpl)0.1918(0 < εpl < 0.272)
σ = 120εpl + 829(0.272 < εpl)

(10)
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Figure 8. X80 girth weld constitutive model: (a) hardening curve; (b) comparison of test results
with FEM.

5. Calibration Procedure
5.1. Finite Element Model

The fracture strain, stress triaxiality, and Lode parameters of the test specimens were
analyzed and calibrated according to the elastic-plastic finite element model. ABAQUS
was used to establish a three-dimensional finite element model of the special-shaped notch
tensile specimen to obtain the simulated load displacement curves. A large deformation
was observed at the weld gap, and its heat-affected zone was either still in the elastic stage
or the plastic stage was small and could be neglected, therefore, the material softening
of the heat-affected zone could be assumed negligible. The notch position was endowed
with the attributes of the weld material, and the weld was considered to be an isotropic
uniform material [47]. One end of the specimen was articulated, and the other end was
loaded with displacement, as shown in Figure 9. C3D8R solid elements were used for
all specimens. The global element size was 1mm, the notch part was encrypted, the CH6
and FS middle densified element size was 0.2, while the element of the notch part of the
round bar specimen was densified along the longitudinal direction and the element size
was 0.2 mm. Calculate using explicit dynamics (the kinetic energy proportion is less than
5% of the internal energy) and reduce integral control.

It was seen from the load displacement curves drawn based on the finite element and
experimental results shown in Figure 10 that the established base material and girth weld
constitutive models could reflect the mechanical behaviors of the weld tensile specimens
under different stress states. The initial fracture points of the specimens are marked with
“F” on their respective curves in Figure 10. The experimental results revealed notched
round bar cracks at the specimen center and plate-pattern cracks on the notched surface.
The critical element determined by each specimen is shown in Figure 10. The equivalent
plastic strain of the critical element under the state of fracture displacement is the fracture
strain. The maximum load simulation value of NRB3 was slightly higher than the test value,
which may be caused by the mechanical non-uniformity of the weld. However, according
to the simulation of all test specimens, it is reasonable to regard the weld as isotropic. The
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element body at the fracture position was selected to evaluate the evolution processes of the
stress triaxiality, Lode parameters, and equivalent plastic strain, as illustrated in Figure 11.
The Lode parameter of the round bar specimen was constant at 1. It was found that the
round-hole plate in the process of tensile change was not near 0.5, and the shear specimen
remained near 0. In addition, the stress triaxiality of the sheet metal remained unchanged
during the tensile process, whereas those of the notched round bar tensile specimens all
increased to different levels, and the stress triaxiality of the specimens with 1 mm radius
was increased significantly.

Buildings 2023, 13, 283  9  of  19 
 

5. Calibration Procedure 

5.1. Finite Element Model 

The fracture strain, stress triaxiality, and Lode parameters of the test specimens were 

analyzed and calibrated according to the elastic‐plastic finite element model. ABAQUS 

was used  to  establish  a  three‐dimensional  finite  element model  of  the  special‐shaped 

notch tensile specimen to obtain the simulated load displacement curves. A large defor‐

mation was observed at the weld gap, and  its heat‐affected zone was either still  in the 

elastic stage or the plastic stage was small and could be neglected, therefore, the material 

softening of the heat‐affected zone could be assumed negligible. The notch position was 

endowed with the attributes of the weld material, and the weld was considered to be an 

isotropic uniform material [47]. One end of the specimen was articulated, and the other 

end was loaded with displacement, as shown in Figure 9. C3D8R solid elements were used 

for all specimens. The global element size was 1mm, the notch part was encrypted, the 

CH6 and FS middle densified element size was 0.2, while the element of the notch part of 

the round bar specimen was densified along the longitudinal direction and the element 

size was 0.2 mm. Calculate using explicit dynamics (the kinetic energy proportion is less 

than 5% of the internal energy) and reduce integral control. 

 
(a) 

 
(b) 

 
(c) 

Figure 9. Cont.



Buildings 2023, 13, 283 10 of 19
Buildings 2023, 13, 283  10  of  19 
 

 
(d) 

 
(e) 

Figure 9. Finite element mesh models: (a) CH6; (b) FS; (c) NRB1; (d) NRB3; (e) NRB5. 

It was seen from the load displacement curves drawn based on the finite element and 

experimental results shown in Figure 10 that the established base material and girth weld 

constitutive models could reflect the mechanical behaviors of the weld tensile specimens 

under different stress states. The initial fracture points of the specimens are marked with 

“★” on their respective curves in Figure 10. The experimental results revealed notched 

round bar cracks at the specimen center and plate‐pattern cracks on the notched surface. 

The critical element determined by each specimen is shown in Figure 10. The equivalent 

plastic strain of the critical element under the state of fracture displacement is the fracture 

strain. The maximum  load simulation value of NRB3 was slightly higher  than  the  test 

value, which may be caused by  the mechanical non‐uniformity of  the weld. However, 

according to the simulation of all test specimens, it is reasonable to regard the weld as 

isotropic. The element body at the fracture position was selected to evaluate the evolution 

processes of the stress triaxiality, Lode parameters, and equivalent plastic strain, as illus‐

trated in Figure 11. The Lode parameter of the round bar specimen was constant at 1. It 

was found that the round‐hole plate in the process of tensile change was not near 0.5, and 

the shear specimen remained near 0. In addition, the stress triaxiality of the sheet metal 

remained unchanged during the tensile process, whereas those of the notched round bar 

tensile specimens all increased to different levels, and the stress triaxiality of the speci‐

mens with 1 mm radius was increased significantly. 

 
(a) 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0

10

20

30

40

50

60

L
oa

d/
kN

Displacement/mm

 FEM
 CH6−1
 CH6−2
 CH6−3

Fracture

Figure 9. Finite element mesh models: (a) CH6; (b) FS; (c) NRB1; (d) NRB3; (e) NRB5.

5.2. Fitting of Experiment Data

The stress states of the specimens constantly changed during the entire tensile process;
therefore, the stress triaxiality of the element had to be averaged with the Lode parameters
as follows [48,49]:

(η)av =
1

ε
pl
f

∫ ε
pl
f

0
ηdεpl (11)

(θ)av =
1

ε
pl
f

∫ ε
pl
f

0
θdεpl (12)

where (η)av denotes the average stress triaxiality, and
(
θ
)

av denotes the average Lode parameter.
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Figure 11. Evolution of equivalent plastic strain and stress states: (a) evolution of equivalent plastic
strain and Lode parameters; and (b) evolution of equivalent plastic strain and stress triaxiality.

5.2.1. Fitting of 2D Fracture Criteria

By neglecting the effects of the Lode parameters on the fracture strain, the fracture criterion
was expressed as a function of the stress triaxiality and fracture strain. The Johnson–Cook failure
model presented a good fracture prediction model for materials under high-stress triaxiality. In
this study, the Johnson–Cook failure model was adopted to determine the relationship between
fracture strain and stress triaxiality under high stress triaxiality, as follows [18]:

ε
pl
f = [d1 + d2 exp(d3η)]

1 + d4 ln(

.
ε

pl

.
ε0

)

(1 + d5
_
θ

m
) (13)

where d1 − d5 are parameters to be determined by experiment, and (1 + d5
_
θ

m
) is a

temperature-related term.
Quasi-static loading was applied in this study, and the temperature changes in the

specimens during loading were ignored. Therefore, the temperature and strain rate terms
in Equation (13) were eliminated, which simplifies it to

ε
pl
f = d1 + d2 exp(d3η) (14)

The average stress triaxiality and fracture strain values determined above are summarized
in Table 2. Based on the presented data, a failure model function of the girth weld of the X80
pipeline was developed. The Johnson–Cook failure model was applied to fit the round-hole
tensile and notch specimens. The fracture strain at a stress triaxiality of 0.333 was determined
by extension, which was described by a linear function for the shear specimen, and the fracture
strain when the stress triaxiality was 0 was determined by linear function extension.

Table 2. Average stress triaxiality, Lode parameter, and fracture strain of each specimen.

NRB1 NRB3 NRB5 CH6 FS

Average stress triaxiality 1.498 1.146 0.992 0.503 0.019
Average Lode parameter 1 1 1 0.521 0.031

Fracture strain 0.331 0.743 0.806 0.910 0.780

Bao [50] obtained the fracture cutoff effect of materials; that is, when the stress triaxial-
ity of the material is −1/3, the fracture strain tends to approach infinite at this point. No
cracks were observed in the specimens during the compression experiments. Therefore,
a fracture strain equal to 5 was used to characterize the uncracked specimens when the
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stress triaxiality was −1/3. The power function was applied to describe the fracture strain
when the stress triaxiality was −1/3 to 0, as stated in Equation (15). The established failure
model is illustrated in Figure 12.

ε
pl
f = −0.6686 + 2.016 exp(−0.4175η)(0.333 < η < 1.5)

ε
pl
f = 1.052η + 0.7346(0 < η < 0.333)

ε
pl
f = 1

0.4918+η − 1.299(−0.333 < η < 0)

(15)
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Figure 12. 2D fracture model.

It can be seen from Figure 12 that the monotonic and functional types of the fracture
strain curve, at different stress triaxiality intervals, are different. In the stress triaxiality
range of −1/3–0, the fracture strain function presented a power function distribution and
monotonically decreased. From 0 to 0.333, the function monotonically increases into a linear
function. In the range 0.333–1.5, the function distribution conformed to the Johnson–Cook
failure model and decreased monotonically.

5.2.2. Determination of 3D Fracture Model

While considering the Lode parameters in the fracture model, a 3D model is developed in
which the stress triaxiality and Lode parameters affect the fracture strain. Equations (6) and (7)
were fitted based on the data in Table 2 to determine the unknown parameters in these equations.
The resulting fracture model is illustrated in Figure 13 and the determined parameters are
summarized in Table 3.

As shown in Figure 13, the ERT and LSMCS models exhibit the same trends in the
overall distribution. Under certain Lode parameters, the fracture strain decreased along
with an increase in the stress triaxiality. However, slight numerical differences were
observed between the two models, mainly in the peak distribution of the fracture strain.
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Table 3. Determined model parameters.

ERT LSMCS

R1 R2 R3 α γ
0.279 1.477 1.030 3.883 0.218

6. Comparison with Notched Tensile Specimen Experiments

To verify the accuracy of the established girth weld failure model for X80 pipelines,
a failure model was introduced using ABAQUS to conduct a fracture simulation of the
experimental processes mentioned above. Several points on the function of the 2D model
were selected using the built-in ductile damage of ABAQUS. The 3D model defined the
functional relationship between stress triaxiality, Lode parameters, and fracture strain
through the keywords in the INPUT file provided by ABAQUS, which defined the corre-
lation between the Lode angle function and fracture strain. The conversion relationship
between the Lode angle function and Lode angle parameters is as follows:

θ = 1 − 2
π

arccos(ζ) (16)

where ζ is the Lode angle function.
The simulation results are shown in Figure 14. It was observed that the fracture model

that considered the influences of the Lode parameters was significantly superior to the 2D
model. The maximum error between the simulated crack initiation displacement and the
average experimental crack initiation displacement of the 2D fracture model was 18%, and
that of the 3D fracture model was less than 10%. Figure 15 is a comparison of experimental
and simulated fracture morphology, and the fracture morphology is basically consistent.
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Figure 14. Comparison between finite element and experimental fracture: (a) CH6, (b) FS, (c) NRB1,
(d) NRB3, and (e) NRB5.
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Figure 15. Comparison of experimental and simulated fracture morphology: (a) CH6, (b) FS, (c) NRB1,
(d) NRB3, and (e) NRB5.

7. Influence of Stress Triaxiality on Tensile Strength

As shown in Figure 11, the stress triaxiality of each tensile specimen exhibited a
constantly increasing trend during the tensile process; thus, the average stress triaxiality
was applied to describe the relationship between the stress triaxiality and tensile strength.
HB 5214-96 defines notch tensile strength as the maximum load divided by the minimum
initial cross-sectional area. The fracture displacement decreased, indicating that ductility
decreased with an increase in stress triaxiality. The average value of the tensile strength
of the specimen was equated to the tensile strength under each working condition. The
determined tensile strength is listed in Table 4, and it can be seen from Figure 16 that the
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tensile strength increased with an increase in stress triaxiality [51–53]. The relationship
between the average stress triaxiality and ultimate tensile strength is expressed as

σtensile= 506.023(η)2
av − 622.018(η)av + 956.467 (17)

Table 4. Average stress triaxiality and tensile strength of notched specimens.

NRB1 NRB3 NRB5 CH6

Average stress triaxiality 1.498 1.146 0.992 0.503
Average tensile strength (MPa) 1162 891.1 889.8 770.9

Fracture displacement (mm) 1.000 1.460 1.760 2.070
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8. Conclusions

In this study, the ductile fracture of X80 pipeline girth weld was studied experimen-
tally and numerically. The mechanical properties of base metal and weld were obtained
through experiments, and the fracture parameters of weld under different stress states were
obtained through special-shaped specimens. An uncoupled 2D fracture model and two
uncoupled 3D fracture models of the X80 pipeline girth welds were introduced through
a phenomenological approach. The 2D model is a function of fracture strain and stress
triaxiality. The 3D models were a consider the effect of Lode parameter stress-modified
critical strain (LSMCS) model and the extended Rice–Tracey (ERT) criterion.

Tensile failure tests under five different stress states were carried out and correspond-
ing finite element models were established. Fracture parameters from high stress triaxiality
to low stress triaxiality were obtained by combining test and numerical simulation. Fracture
strain and stress triaxiality were obtained to develop a 2D fracture model. Based on the 2D
model, the related parameters of ERT and LSMCS are calibrated considering the influence
of the Lode parameters. In addition, a simulation proved the validity of the developed
fracture model.

Compared with the 2D fracture models, the 3D fracture models yielded more accurate
prediction results. In the fracture prediction of the CH6 and FS specimens, the 2D and 3D
fracture models provided good prediction results for the fracture displacement. However,
in the fracture prediction of the round bar notch specimens, the 2D fracture model generated
results in which the fracture displacement was larger or smaller, but the 3D fracture model
generated consistently good test results.

The influence of stress triaxiality of weld materials on tensile strength is similar to
that of metal materials previously studied, the functional relationship between the tensile
strength and stress triaxiality of the X80 pipeline girth welds satisfied the distribution form
of the quadratic function and increased monotonically. Ductility decreases with an increase
in stress triaxiality.

The research results can be used to predict the fracture of X80 pipeline girth weld
under various complex loads, and can be used to evaluate the safety of pipeline girth weld
in practical projects.
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