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Abstract Pipelines in geological disaster regions typically

suffer the risk of local buckling failure because of slender

structure and complex load. This paper is meant to reveal

the local buckling behavior of buried pipelines with a large

diameter and high strength, which are under different

conditions, including pure bending and bending combined

with internal pressure. Finite element analysis was built

according to previous data to study local buckling behavior

of pressurized and unpressurized pipes under bending

conditions and their differences in local buckling failure

modes. In parametric analysis, a series of parameters,

including pipe geometrical dimension, pipe material

properties and internal pressure, were selected to study

their influences on the critical bending moment, critical

compressive stress and critical compressive strain of pipes.

Especially the hardening exponent of pipe material was

introduced to the parameter analysis by using the Ram-

berg–Osgood constitutive model. Results showed that

geometrical dimensions, material and internal pressure can

exert similar effects on the critical bending moment and

critical compressive stress, which have different, even

reverse effects on the critical compressive strain. Based on

these analyses, more accurate design models of critical

bending moment and critical compressive stress have been

proposed for high-strength pipelines under bending

conditions, which provide theoretical methods for high-

strength pipeline engineering.

Keywords Local buckling � High-strength pipeline � Finite
element analysis � Critical bending moment � Critical
compressive stress � Critical compressive strain

1 Introduction

Local buckling is an ultimate state of pipelines under

complex loading conditions caused by subsidence, earth-

quake and landslides, etc., in geological hazard zones (Han

et al. 2012; Shantanu et al. 2011). Local gross deformation

in wrinkled sections can do harm to loading-carrying

capacity and even damage structure integrity of pipelines

(Dama et al. 2007). Technological advances have resulted

in high-strength pipe steel being widely used for long-

distance transmission of natural gas. However, an increase

in the diameter/thickness ratio of high-strength pipe steel

makes pipelines more and more susceptible to local

buckling failure. Several researchers have begun to study

the difference of material properties between high-strength

pipe steel and traditional pipe steel (Chen et al. 2008; Igi

et al. 2008; Timms et al. 2009; Suzuki et al. 2010). Tra-

ditional high-strength pipelines typically have higher yield

ratio and lower strain capacity compared with medium-

strength pipelines (Fathi et al. 2010). However, the high

strain pipelines exhibit excellent strain capacity, which is

equal or better than traditional strength pipelines, and

favorable to structural behavior (Nobuhisa et al. 2008).

Based on the study of high-strength pipelines crossing

strike-slip faults, Liu et al. (2016) suggested that the high-

strength steel has a significant influence on the critical
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stress along the axial direction. Therefore, more compre-

hensive research on local buckling mechanisms in high-

strength pipelines is of great importance to prevent local

buckling failure from occurring.

Critical buckling theory was introduced in the 1960s,

and experiments and numerical simulations have later been

conducted to investigate the local buckling of pressurized

pipes (Dorey and Cheng 2001; Dorey et al. 2002, 2005).

Also, several prediction methods were established to

evaluate the ultimate state (Paquette and Kyriakides 2006;

Limam et al. 2010) and are mostly used to calculate the

critical bending moment and the critical compressive

strain. Mohareb (1995) investigated the local buckling

behavior through examining several plain pipes and pro-

posed the ‘Mohareb–Murray interaction equation’ to

determine the critical bending moment based on an ideal

elastoplastic material model. ABS standard (ABS 2006)

put forward a model to determine the maximum allowable

moment. However, both methods have some weaknesses.

Specifically, the model in the ABS standard is only

applicable for pipes with a diameter/thickness ratio of

10–60, which cannot be used in pipes with larger diameter/

thickness ratio. Also, it is limited by practicable materials

and ignoring strain hardening effect; the ‘Mohareb–Murray

interaction equation’ and model in ABS may overestimate

or underestimate the critical bending moment (Nazemi

2009). Thus, accurately determining the critical bending

moment is a crucial issue for predicting local buckling

behavior. Currently, the critical compressive strain has

been studied for a long time and some results have been

used in practical standards, e.g., the formulation from

Murphey and Langner (Gresnigt and Foeken 2001) has

been used in American Bureau of Shipping (ABS 2006)

and the research conducted by Gresnigt (1986) has been

adopted by Canadian Standards Association (CSA 2007).

Also, other standards provide similar design formulae of

critical compressive strain (ASCE 1984; ALA 2001),

which have been widely used in engineering design.

However, critical compressive stress is currently poorly

understood. Plantenma studied the buckling stress of cir-

cular cylinders and round tubes under compression condi-

tions (Ahn et al. 2016), which are not applicable under

bending loading conditions. These models mentioned

above have not comprehensively considered the critical

properties of strain hardening of high-strength pipelines

with bending load. Thus, in this paper, the primary concern

is about the local buckling of high-strength pipelines.

In this paper, a practical three-dimensional model was

established using the nonlinear finite element method

(FEM) and calibrated with previous experimental results

(Zimmerman et al. 2004). After that, deformation behavior

and different failure modes of unpressurized and pressur-

ized pipes were studied under bending conditions. The

influences of pipe diameter, pipe wall thickness, yield

strength, hardening exponent and internal pressure on

deformation behavior of local buckling of high-strength

pipelines were analyzed in detail. Finally, methods were

proposed to predict the critical bending moment and crit-

ical compressive stress of local buckling of high-strength

pipelines under bending load and demonstrated with an

application example.

2 Numerical simulation

Laboratory testing is an effective way to obtain first-hand

data, but it is costly and time-consuming. Alternatively,

numerical simulations can provide a fast, convenient and

cost-efficient way to study local buckling. The bearing

capacity of submarine and long-distance transmission

pipelines are mainly depending on pipe dimensions,

material properties and loading conditions (Dang et al.

2010; Sun 2013), which can be determined by detailed

parametric analysis. So the first thing is to establish a

proper finite element model to do the parametric analysis.

2.1 Finite element model

Commercial nonlinear finite element software, ABAQUS,

was used to develop the three-dimensional nonlinear finite

element model. Although the wrinkled section of local

buckling distributes within a limited area, the pipe length is

important for investigating deformation behavior of local

buckling. To avoid end effects, the pipe length is supposed

to be 3.5 times larger than the pipeline diameter (Ozkan and

Mohareb 2009b). Therefore, a pipe with a length of

L = 6D was used in this study. Models were constructed

using solid elements, which have been proved a reliable tool

for simulating local buckling of pipes (Ozkan and Mohareb

2009a). Finally, a modified RIKS algorithm in ABAQUS

has been used to perform finite element simulations.

2.2 Loading and boundary conditions

A fixed constraint is applied to one end of the pipe, and a

bending moment is applied to the other end by a coupling

constraint. Pressure is applied on the internal surface.

Under pure bending conditions, the bending moment is the

only load, which increases monotonically until local

buckling occurs. Under mixed loading conditions, the finite

element analysis is conducted with two steps: pressure

loading step and bending step. Pressure is set as a constant

internal pressure, while bending is the same as that under

pure bending conditions. The finite element model is

shown in Fig. 1, with element type of C3D20R and the

element size of 4.7 mm 9 35 mm 9 35 mm.
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2.3 Material parameters

With increasing demand for natural gas, high-strength steel

pipelines have been widely used for long-distance trans-

mission of natural gas in China. Two typical high-strength

pipeline steels X70 and X80 are established in the FEM

simulations. The nonlinearity of materials can be described

by the Ramberg–Osgood constitutive model (Ramberg and

Osgood 1943; Kamaya 2016). The constitutive relationship

can be expressed as follows:

e ¼ r
E
þ a

r
rs

� �n

ð1Þ

where e is the true strain; r is the true stress; E is the elastic

modulus; rs is the yield strength that is defined at 0.5%

strain; n is the hardening exponent; a is the ‘‘yield’’ offset.

2.4 Model calibration

In order to evaluate the validity of the numerical simula-

tion, the results were calibrated with previous experimental

results (Zimmerman et al. 2004). Four specimens were

used to study the local buckling behavior in experiments,

including two material grades X70 and X80. Figure 2 and

Table 1 show the corresponding stress–strain curves and

material parameters, respectively. One specimen of each

material was tested under pure bending conditions, and the

other was tested under bending conditions with a maximum

operation pressure of 80% specified minimum yield

strength (SMYS). Detailed test data are listed in Table 2.

Selecting a reasonable length is crucial for numerical

simulation, because the value of the critical compressive

strain varies with the effective length of the pipe. Previous

studies demonstrate that buckles typically occur within the

length of 1D in the axial direction (Mohareb 1995; Ozkan

and Mohareb 2009b). With this assumption, the relation-

ship between moment and compressive strain was plotted

in Fig. 3, which can be used to calculate the critical

bending moments. The results of three methods are listed

in Table 3. The critical bending moments obtained from

FEM are generally correctly predicted with an error within

4.23%, which is better than the Mohareb and the ABS

method.

Figure 3 suggests that the buckling trend obtained by

FEM agrees well with experimental results. At first, the

compressive strain increases with bending moment. When

the bending moment reaches the maximum value, local

buckling occurs, and then the bending moment begins to

decrease, the strain still increases until the pipe loses its

loading capacity completely. The maximum value of

bending moment is the critical bending moment, and cor-

responding compressive strain is the critical compressive

strain. The buckling mode exhibits two main failure

shapes, which can be observed in both experimental results

and FEM results (Fig. 4a–d). The unpressurized pipe

buckled in a ‘‘diamond shape,’’ while the pressurized pipe

buckled in a pipe wall outward bulging shape.

3 Parametric analysis

An excessive load induced by pressure and bending leads

to local buckling of a pipeline, while the failure behavior of

local buckling can be described by the critical bending

moment, critical compressive stress and the critical com-

pressive strain. The critical bending moment is defined as

the maximum moment at the critical point of bending vs.

compressive strain curve, while the corresponding stress

and strain are critical compressive stress and critical

compressive strain. These three parameters primarily vary

as a function of several variables, which can be divided

into three types: geometrical parameters, material
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Fig. 1 Finite element model
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Fig. 2 Stress–strain curves of X70 and X80
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parameters and load parameter. It is essential to analyze the

influence of these parameters on local buckling behavior

under bending when designing long-distance pipelines. In

the analysis, only one parameter is changed at a time and

others are taken as the basic values. Specifically, the basic

values of geometrical parameters include the diameter and

wall thickness of pipes, which were selected based on real

pipeline dimensions and design code for gas pipeline

engineering. The geometrical dimensions (diameter and

wall thickness) of pipes used for X701 (X801), X702

(X802) and X703 (X803) are 813 mm 9 11.7 mm,

1016 mm 9 14.6 mm, 1219 mm 9 15.3 mm, respec-

tively. The basic values of material parameters include

yield strength and hardening exponent. Specifically, the

yield strengths of basic pipe materials (pipe grade X70 and

X80) are 580 and 641 MPa, while the hardening exponents
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Fig. 3 Bending moment versus compressive strain curves of four specimens. a U70: X70 unpressurized pipe. b P70: X70 pressurized pipe.

c U80: X80 unpressurized pipe. d P80: X80 pressurized pipe

Table 1 Material parameters of X70 and X80

Material grade Elastic modulus E, MPa Poisson’s ratio m Yield strength rs, MPa Yield offset a Hardening exponent n

X70 200,000 0.3 552 0.81 22

X80 200,000 0.3 620 0.61 45

Table 2 Test data and loading conditions

Specimen

No.

Material grade Pipe outer diameter D, mm Pipe wall thickness t, mm D/t Pressure

U70 X70 762 9.4 82 0

P70 X70 762 9.4 82 80% SMYS

U80 X80 762 15.7 48 0

P80 X80 762 15.7 48 80% SMYS
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are 10.0 and 17.15, respectively. The load parameter is the

internal pressure that varies with the maximum operating

pressure (MAOP). Detailed parameter descriptions are

included in Table 4.

3.1 Critical bending moment

As a key parameter of local buckling, the critical bending

moment is correlated with the pipe dimensions, pipe

material properties and the internal pressure. In terms of

pipe dimensions, both the pipe diameter and thickness can

enhance the pipe stiffness. Figure 5 shows that the critical

bending moment increases exponentially with the pipe

diameter. And for a certain diameter, the higher the pipe

grade, the higher the critical bending moment. Figure 6

shows that the critical bending moment increases linearly

with thickness.

To analyze the effect of pipe material properties on the

critical bending moment, the initial value was taken as the

SMYS specified in the standard. The critical bending

moment vs. yield strength (Fig. 7) exhibits that the critical

bending moment increases linearly with the yield strength.

With the same yield strength, the critical bending moment

of X802 is lower than that of X702. It is because the

hardening exponent of X80 pipes is larger than that of X70

pipes. Figure 8 shows that the critical bending moment

decreases nonlinearly with hardening exponent. With the

same hardening exponent, the critical bending moment of

higher grade pipes is larger.

For pressurized pipes, as Fig. 9 shows, the critical

bending moment decreases exponentially with the internal

pressure. Compared with X70 grade pipes, the critical

bending moment of X80 grade pipes decreases more

rapidly.
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Fig. 4 Buckling shape obtained from FEM. a U70: X70 unpressurized pipe. b P70: X70 pressurized pipe. c U80: X80 unpressurized pipe. d P80:

X80 pressurized pipe

Table 3 Comparison of critical bending moment obtained from test and other different methods

Specimen

No.

Experimental value, MN m FEM Mohareb ABS

Value, MN m Error, % Value, MN m Error, % Value, MN m Error, %

U70 2667 2776 4.09 2939 10.20 2042 -23.43

P70 1845 1808 -2.01 2412 30.73 1176 -36.26

U80 5198 5417 4.22 5421 4.29 4032 -22.43

P80 3718 3646 -4.23 4408 18.56 2092 -43.73
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Fig. 5 Relationship between the critical bending moment and the

pipe diameter
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Fig. 6 Relationship between the critical bending moment and the

wall thickness
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Fig. 7 Relationship between the critical bending moment and the

yield strength

0

3000

6000

9000

12000

15000

18000

4 8 12 16 20 24 28

Hardening exponent

X701 X702 X802 X803C
rit

ic
al

 b
en

di
ng

 m
om

en
t, 

M
N

 m

Fig. 8 Relationship between the critical bending moment and the

hardening exponent

Table 4 Ranges of parameters

used in FEM
Parameter type Basic values Range of univariate analysis

Diameter D, mm X701, X801: 813 813–1219

X702, X802: 1016

X703, X803: 1219

Thickness t, mm X701, X801: 11.7 X701: 11.7–21

X801: 10.2–21

X702, X802: 14.6 X702: 14.6–26.2

X802: 12.8.2–24

X703, X803: 15.3 X703: 17.5–31.5

X803: 15.3–31.5

Yield strength rs, MPa X70: 580 X70: 490–580

X80: 641 X80: 560–641

Hardening exponent n X70: 10.0 5–25

X80: 17.5

Internal pressure P, MPa 0 0-MAOP
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3.2 Critical compressive stress

Stress and strain can be used to determine the structural

behavior under loading conditions. In terms of the geo-

metrical dimensions of pipes, the critical compressive

stress increases with thickness and decreases with diame-

ter. Thus, the effect of geometrical dimensions on the

critical compressive stress can be illustrated by the thick-

ness/diameter ratio. As Fig. 10 shows, the critical com-

pressive stress increases near-linearly with the

thickness/diameter ratio.

In terms of pipe material properties, two pipe grades,

X70 and X80, were used in this study. Figure 11 shows that

the critical compressive stress increases linearly with the

yield strength. The hardening exponent of X80 grade pipe

is higher than that of the X70 grade pipe; whereas the

critical compressive stress of the former is lower than that

of the latter. It should be noted that X701 and X702 almost

coincide, but there is some difference between X801 and

X802. This can be explained by the fact that X701 and

X702 have the same thickness/diameter ratio, which differs

from that of X801 and X802. Figure 12 shows that the

critical compressive stress decreases nonlinearly with the

hardening exponent. With the same hardening exponent,

the critical compressive stress of X80 grade pipe is larger

than that of X70 grade pipes. This is because the yield

strength of higher grade pipes is larger, so the stress state

level of higher grade pipes is higher.

As Fig. 13 suggests, the internal pressure has a negative

influence on the critical compressive stress, and at the same

internal pressure, the critical compressive stress of the X80

grade pipe is lower than that of the X70 grade pipe. A

comparison between X80 grade pipe and X70 grade pipe

indicates that the critical compressive stress decreases

rapidly as the pipe grade becomes higher.
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Fig. 9 Relationship between the critical bending moment and the

internal pressure
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Fig. 10 Relationship between the critical compressive stress and the

thickness/diameter ratio
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Fig. 11 Relationship between the critical compressive stress and the

yield strength
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hardening exponent

Pet. Sci. (2017) 14:549–559 555

123



3.3 Critical compressive strain

The critical compressive strain refers to the critical point

where the structure loses its stability. It should be noted

that the critical compressive strain is a strain design for

local buckling, not for other failure modes. The critical

compressive strain increases near-linearly with the thick-

ness/diameter ratio, which is similar to the relationship

between the critical compressive stress and the thick-

ness/diameter ratio (Fig. 14). Figure 15 shows no signifi-

cant variation of critical compressive strain with yield

strength, indicating that the critical compressive strain is

insensitive to the yield strength; also, the relationship

between the critical compressive strain and the yield

strength is significantly different from that between the

critical compressive stress and the yield strength, which

can be explained by the stress–strain state during the

occurrence of local buckling. The local buckling typically

occurs after yielding as Fig. 16 shows. The ratio of Mises

stress to yield strength does not vary significantly among

different materials.

The critical compressive strain decreases with an

increase in the hardening exponent, which is similar to the

critical compressive stress, while the critical compressive

strains vary in a narrow range as Fig. 17 shows. The crit-

ical compressive strain increases nonlinearly with the

internal pressure, and its value of the higher grade pipe

(X802) is lower than that of the lower grade pipe (X702)

(Fig. 18), which is different from the relationship between

critical compressive stress and internal pressure.

4 Recommended design methods

4.1 Design methods

Over 300 finite element models with different parameters

have been simulated by ABAQUS software, and the results

are summarized in Sect. 3. It can be concluded that the

critical bending moment of the locally buckled pipe has a

highly positive correlation with the pipe diameter, pipe

wall thickness, yield strength and the hardening exponent,

and a negative correlation with the internal pressure.

Importantly, the hardening exponent is considered as an

important controlling factor of the critical bending

moment. For the unpressurized pipe, the critical bending

moment of local buckling can be calculated with Eq. (2), in

which the hardening exponent is taken into consideration.

M ¼ a1 � D2 � t � rs � na2 ð2Þ

where M is the critical bending moment of the unpressur-

ized pipe, MN, m; D is the outer diameter of the pipe, mm;

t is the wall thickness of the pipe, mm; rs is the yield

strength of pipe material, MPa; n is the hardening exponent

of the pipe material; a1 and a2 are the correlation

coefficients.
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Based on Eq. (2), the critical bending moment of the

pressurized pipe can be obtained by introducing the inter-

nal pressure as a quadratic polynomial, and described as

follows:

Mp ¼ M � b1 � rh=rsð Þ2þb2

h i
ð3Þ

where Mp is the critical bending moment of the pressurized

pipe, MN m; rh is the hoop stress of the pipe at the internal
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Fig. 16 Mises stress distribution at the local buckling state. a Yield strength rs = 560 MPa. b Yield strength rs = 570 MPa. c Yield strength

rs = 580 MPa. d Yield strength rs = 590 MPa
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pressure, MPa; b1 and b2 are the correlation coefficients.

The related parameters can be obtained by fitting analysis,

and the final calculation formulas are as follows:

M ¼ 1:41 � D2 � t � rs � n�0:13 ð4Þ

Mp ¼ M � �0:576 � rh=rsð Þ2þ0:99
h i

ð5Þ

Similarly, the critical compressive stress of local buck-

ling positively correlates with the thickness/diameter ratio,

yield strength and the hardening exponent, and negatively

correlates with the internal pressure. Thus, the prediction

model of unpressurized and pressurized pipes can be

expressed as Eqs. (6) and (7). According to the fitting

results, the final prediction model can be expressed as

Eqs. (8) and (9).

rc ¼ rs � c1 � t=Dþ c2ð Þ � cn3 þ c4
� �

ð6Þ

rcp ¼ rc � d1 � rh=rsð Þ þ d2½ � ð7Þ

rc ¼ rs � 4:66 � t=Dþ 0:94ð Þ � 0:8n þ 1ð Þ ð8Þ
rcp ¼ rc � �0:77 � rh=rsð Þ þ 1:06½ � ð9Þ

where rc is the critical compressive stress of the unpres-

surized pipe, MPa; c1, c2 and c3 are the correlation coef-

ficients; rcp is the critical compressive stress of the

pressurized pipe, MPa; d1, d2 and d3 are the correlation

coefficients.

4.2 Application of the proposed methods

X70 1016-mm and X80 1219-mm gas pipelines were used

as application examples to demonstrate the proposed

methods. Figures 19 and 20 show comparisons of the

critical bending moment and the critical compressive stress

obtained from different methods. The comparisons indicate

that the proposed method can provide better estimates of

both the critical bending moment and the critical com-

pressive stress.

5 Conclusions

A finite element analysis model for local buckling was

established based on the present work. The effects of key

parameters including pipe diameter, pipe thickness, yield

strength, hardening exponent and internal pressure, on the

critical bending moment, critical compressive stress and

the critical compressive strain have been investigated

comprehensively through a series of models. Based on

these parametric analysis results, the prediction models for

critical bending moment and critical compressive stress

were proposed and verified. The following conclusions can

be drawn.

1. The critical bending moment of local buckling

increases exponentially with the pipe diameter and

increases linearly with the pipe thickness and the yield

strength, while it decreases nonlinearly with an

increase in the hardening exponent.

2. Local buckling occurs after the stress of the pipe

reaches yield strength. Similar to the critical bending

moment, the critical compressive stress increases

linearly with the thickness/diameter ratio and the yield

strength, and decreases exponentially with the harden-

ing exponent and internal pressure.

3. The thickness/diameter ratio and hardening exponent

have a similar influence on the critical compressive

strain. However, the yield strength has no influence on
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the critical compressive strain and has a linear

relationship with the critical compressive stress.

4. The parameter analysis demonstrates that local buck-

ling behavior varies with hardening exponent. The

calculation methods for the critical bending moment

and the critical compressive stress were proposed

based on the effect of the hardening exponent on local

buckling behavior. These two methods were validated

by comparing the results with FEM, and the compar-

ison results showed high accuracy.
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