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Abstract: The ratcheting behavior of pressurized corroded straight pipe subjected to cyclic bending is
investigated using Chaboche model in the paper. The effects of defect length, depth and width and
internal pressure on ratcheting strain are studied. The results show that the ratcheting strain increases
with the increase of defect length L/D, depth H/T, circumferential length and internal pressure.
Moreover, in order to analyze the effect of defect size on ratcheting strain of corroded straight pipe,
calculation schemas are established according to orthogonal design method (ODM). Finally,
dimensionless relations of both circumferential and longitudinal ratcheting strains to defect length,

depth, width and internal pressure are established based on the multiple regression method.
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1. Introduction

Chemical composition of 316 stainless steel includes Mo element which increases substantially

its heat resistance and corrosion resistance. Thus, 316 stainless steels are widely used in heat exchange

equipment, transportation pipelines of crude oil, nature gas pipelines, and so on where most pipes run

under high temperature environment. The pipes are not only subjected to internal pressure, but also

subjected to bending loading due to thermal expansion and shocks induced from sudden opening and

closing of relief valves. In addition, these pipes are under cyclic mechanical and/or thermal loading,

which would result in cyclic plastic strain accumulation, namely ratcheting effect. Ratcheting

deformation results in decrease of fatigue life of pipes or malfunction due to excessive deformation.

Therefore, during the design of pressurized piping, especially in power plant industries, ratcheting and

ratcheting fatigue must be taken into consideration.

So far, ratcheting behaviors of pipes have been studied in two directions. On the one hand,

ratcheting experiments are carried out for straight pipes, elbows, branches and even piping systems. On

the other hand, ratcheting behaviors of pipe are simulated based on the Armstrong-Frederick type

nonlinear kinematic hardening rule such as Bilinear [1], Multilinear [2], Armstrong and Frederic [3],

Chaboche [4,5], modified Chaboche [6,7], Ohno-Wang [8,9], modified Ohno-Wang (10-15), Abdel

Karim-Ohno[16] and modified Abdel Karim-Ohno[17,18], etc.

In 2013, Chen et al. [19] summarized experimental and numerical studies on piping components

(such as straight pipes, elbows, branch and piping system) with mechanical ratcheting and thermal

ratcheting, shakedown, fatigue failure responses. For elbow pipe subjected to internal pressure and

bending loading, the maximum ratcheting strain occurred mainly in the hoop direction of flanks. Hoop

ratcheting strain at intrados was found for individual elbow specimen. For pressurized straight pipe



under cyclic bending loading, the maximum ratcheting strain occurred mainly in the hoop direction of

the center of straight pipe. For straight pipe and elbow pipe, the initial rate of ratcheting strain was

large and then it decreased in the subsequent cycles. Ratcheting strain rate increased with the increase

of bending loading level at a constant internal pressure. Moreover, it indicated that ratcheting strain of

piping components had not been predicted well even by the advanced constitutive models. Thus, it was

essential to critically evaluate the widely used and recently developed constitutive models against their

simulation capability of component responses for determining the state-of-the-art constitutive modeling

features and future model development needs. Ratcheting strains of pressurized piping components

such as elbow pipe and straight pipe with or without local wall thinning under cyclic loading, have

been also studied by experiments and finite element analysis after 2013 [20-36].

The orthogonal design method is widely used in many fields, but has not be induced for estimating

ratcheting strain of materials/structures. In this paper, it is employed to optimize roughly calculated

ratcheting strain of pipe. This method has been used in both theoretical and application ways [38, 39].

The ODM samples a small number of evenly distributed points over a large search space. Then it

statistically summarizes a prospective good solution. The application of this method is much wider, for

example, chemical and biological fields, image process, laser polishing, software testing technique,

algorithm, semiconductor manufacturing, optics and robust design. Based on limit load analysis, Tan et

al. [40] studied the chamber structure of rectangular vessels by means of nonlinear finite element

analysis. With the help of the orthogonal design method, the influences of rib thickness, height and

shell thickness on limit load were indicated. Sun et al.[41] used orthogonal design method to determine

ratcheting boundary of pressurized lateral nozzle to cylinder with various dimensions. The empirical

equations were obtained which would be helpful for anti-ratcheting design.



The engineering pipes operating in acid and alkali environments for a long time are vulnerable to
corrosion. Once the pipes subjected to internal pressure and cyclic loading are corroded, damage
behavior is easily to emerge, which imposes higher risk and failure probability during practical
operation. Therefore, ratcheting behavior of straight pipe with local wall thinning under steady internal
pressure and in-plane bending is investigated by using Chaboche model in the paper. The effect of
internal pressure, defect axial, circumferential length and depth on ratcheting behavior of straight pipe
is studied. Finally, the orthogonal design method and multiple regression method are used, where
dimensionless relations of circumferential and longitudinal ratcheting strain are obtained.

2. Constitutive model

The software ABAQUS [42] employs the combination of nonlinear isotropic hardening and
Chaboche kinematic hardening rule which is used to predict mechanical behaviours of component
under cyclic loading. Nonlinear kinematic hardening model in ABAQUS must follow yield surface
equation, flow rule and kinematic hardening rules.

(1) Yield surface equation:
F=f(oc-a)-c°=0 1)

where o is yield stress, f (0' - a) is equivalent Mises stress:

fo-a)=2(s-a):(s-a*) o

where S is deviatoric stress tensor, @® isa part of deviatoric backstress tensor:

(2) Plastic flow rate
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where & represents the rate of plastic flow and P is the equivalent plastic strain rate which is



expressed as follows:
. 2
=,|l=-€& & (4)
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(3) Kinematic hardening rule
Each backstress should satisfy the following kinematic hardening rule without considering the

influence of temperature and field variables.

N
a=> a, (5)
k=1
2 ol
da, =§des -7.a.dp (6)

where N represents the number of backstress components, the parameters C, and , are material
parameters which are determined by cyclic strain test of materials.
(4) Isotropic hardening rule
Isotropic hardening rule which is the function of equivalent plastic strain is used to define the
evolution of shape of yield surface. Isotropic hardening rule is expressed as follows:
c’=0,+Q, (1—e'IDEpI ) ()
where g, denotes initial yield stress. Q_and b are material parameters, i.e. Q, is the maximum
value of yield surface size, b is the rate of yield surface size with changing plastic strain.
The materials investigated in this paper is 316 stainless steel whose chemical composition is

shown in



Table 1 and mechanical properties are listed in Table 2. The materials parameters [43] are as
follows: E=192GPa , v=0.3 , 5, =120MPa , C =2067GPa + 7, =44.7 , C,=2462GPa » 7, =25514 ,

Q, =120MPa, and b=13.2. Half-cycle method in ABAQUS is used to determine kinematic hardening

parameters of 316 stainless steel.



Table 1 Chemical composition of 316 stainless steel (% in weight)

Material C Si Mn P S Ni Cr Mo Co Fe
<0.08 <1 <2 <0.045 <0.030 10.0~14.0 16.0~18.0 2.00-3.00

316
0.018 0.35 1.62 0.024 0.002 11.08 16.7 2.13 0.2 Balance

Table 2 Mechanical properties of 316 stainless steel

Elastic modulus Poisson's Intial yield Yield strength ultimate strength
Material HBS HRB HV
E/GPa ratio v stress /MPa co2/MPa ob/MPa
316 192 0.3 120 >205 >520 <187 <90 <200

3. Ratcheting effect of pressurized corroded pipes under in-plane reversed bending

3.1 Geometric model

Cosham et al. [44] indicated that, as general pipeline was thin-shell structure, no much difference

exists between inside and outside wall thickness of corroded pipe. Therefore, this study assumes that

outside wall thickness of pipe is reduced, as given in Fig. 1. In fact, the shape of pipe corrosion defects

is very complicated and is difficult to be described using geometric model. Therefore, it must be

simplified before finite element model building. In ANSI/ASME code, corrosion defects of pipes are

usually idealized into semi-elliptic [45,46]. Thus, in this study, the shape of corrosion defects of pipes

is taken as semi-elliptic, as given in Fig. 1.

Fig. 1 shows the geometric diagram of pressurized corroded pipes under in-plane bending loading.

The geometric shape of longitudinal corrosion defect is elliptical. The two defects are located at the top

and bottom surface of pipe center. The straight pipe is divided into ten segments along the longitudinal

direction, including nine points, namely 1A, 2A, 2B, 3A, 3B, 4A, 4B, 5A, 5B, as shown in Fig. 1.
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Four-point bending test scheme is adopted in this study. The points 3A and 3B correspond to the
loading positions of four-point bending. The points 5A and 5B are two supporting positions. In the

four-point bending experiment, the corroded pipes are subjected to internal pressure and in-plane

reversed bending.
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Fig. 1 The specimen of pressurized corroded pipe



3.2 Finite element model

According to geometric structure, boundary conditions and loadings, a quarter of finite element

model is established using a quadratic three-dimensional solid element C3D20 with twenty nodes and

twenty-seven integration points, as given in Fig. 2. In order to reduce computing time and save

resource, the defect meshes are developed with a denser mesh at the top and bottom of straight pipe, as

shown in Fig. 2. Loading is applied in two steps. In the first step, internal pressure is applied to the

internal surface. In the second step, internal pressure is kept constant and a cyclic moment is applied to

a reference point (RP) connected to all existing nodes in the cross section of the model end. XoY plane

is applied to the symmetric displacement constraints. The displacement constraints was applied in the

y-direction and y-direction at reference point (RP). The rotation constraints was applied in the

x-direction and y-direction at reference point (RP).

Fig. 2 Boundary conditions of straight pipes

In this study, ratcheting strain &, is determined in the following.



&0 = (Emac + Emn ) (8)
where &, and &, were the maximum strain and minimum strain in each cycle, respectively.

Fig. 3 shows the contour of circumferential and axial ratcheting strain for corroded straight pipe
subjected to internal pressure of 12 MPa and cycling bending of 245kN, respectively. The relationship
between circumferential, longitudinal plastic strain and stress is shown in Fig. 4. It indicated that
three is a dip in Fig. 4 (a) at small plastic strain, which is attributed to strain and stress value of
“unique nodal A” of the element in ABAQUS, as given in Fig. 4(b). The node and integration
point in finite element method are different. Integration point is Gauss point. The stress of a node

is determined by means of the stress inset or extension of several integration points.
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Fig. 4 The relationship of circumferential and longitudinal plastic strain and stress



Fig. 5 gives the relationship of time and circumferential and longtitudinal plastic strain. It is found

in Fig. 5 that the circumferential and longtitudinal plastic strain increase with the increasing of time.

The circumferential plastic strain is larger than the longtitudinal plastic strain.
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Fig. 5 The relationship of time and circumferential and longitudinal plastic strain

3.3 Analysis and Discussion

According to ASME code, when the corroded maximum depth is less than 20% of the wall
thickness of pipes, the corroded pipes can be still used. When the corroded maximum depth is more
than 80% of the wall thickness, the corroded pipes must be replaced or repaired [47]. In practical
engineering, the defect depth is generally less than 70% of the wall thickness [48]. In conclusion, the
defect deep H/T is 0.5, 0.6 and 0.7 in this study.

Cosham et al. [44] concluded that when the pipes were subjected to bending load, the effect of
defect circumferential length on limit load was very large. In order to simplify model and obtain
accurate results, the defect circumferential angle B is arbitrary selected, namely B=24°, 32°and 40°. For

defect axial length of pipes, bending load did not affect plastic failure. But the effect of axial length of



defect on the ratcheting strain of pipe is investigated in this study, where the axial length L of defect is
selected as 21mm, 29.4mm and 42mm, respectively.

The effects of defect size, internal pressure and cyclic bending on ratcheting behavior of 316
austenitic stainless steel straight pipe are studied. The outer diameter D of straight pipe is 42 mm, and
wall thickness t is 2.7 mm. Cyclic in-plane bending is 245kN, and the number of cycles is ten. Defect
length L=21mm, 29.4mm and 42mm, defect depth H=1.35mm, 1.62mm and 1.89mm, defect width
B=24°, 32°and 40°. Internal pressure P=12MPa, 15MPa and 18MPa. Hoop ratcheting strain &,, and
axial ratcheting strain &, at position 1A of straight pipe at outside surface is studied in the following.

In order to comprehensively analyze the effect of defect geometry parameters on ratcheting
behavior of straight pipe, the ODM is used to arrange schematic design. For calculating convenience,
geometry parameters of defect sizes and straight pipe are expressed as dimensionless forms, namely
L/D, H/T, B/90° and P/20. Orthogonal table Lo(3?) is arranged in the study, where each factor has three

“levels” , and hence there are 81 models, as listed in Table 3.



Table 4 gives all orthogonal analysis data.

Table 3 Experimental design with four factors and three levels per factor.

Levels \ Factors L/D H/T B/90° Plao,
1 0.5 0.5 0.267 0.1
2 0.7 0.6 0.356 0.125

3 1 0.7 0.444 0.15




Table 4 Orthogonal analysis data

NO. LD HIT B/90 P/,  NO. LD HIT B/90 Ploy,
11 1(005) 1(05) 1(0.267) 1(0.1) 143  2(0.7)  2(0.6) 2(0.356) 3(0.15)
12 1(005) 1(05) 1(0.267) 2(0.125) 15-1  2(0.7)  2(0.6) 3(0.444) 1(0.1)
13 1005 1(05) 1(0.267) 3(0.15) 152  2(0.7)  2(0.6) 3(0.444) 2(0.125)
21 1(05) 1(05) 2(0.356) 1(0.1) 153  2(0.7)  2(0.6) 3(0.444) 3(0.15)
22 1(05) 1(05) 2(0.356) 2(0.125) 16-1  2(0.7)  3(0.7) 1(0.267)  1(0.1)
23 1(05) 1(05) 2(0.356) 3(0.15) 16-2  2(0.7)  3(0.7) 1(0.267) 2(0.125)
31 105 1(05) 3(0.444) 1(0.1) 163  2(07) 3(0.7) 1(0.267) 3(0.15)
32 1(05) 1(05) 3(0.444) 2(0.125) 17-1  2(07)  3(0.7) 2(0.356)  1(0.1)
33 1(05) 1(05) 3(0.444) 3(0.15) 17-2  2(07)  3(0.7) 2(0.356) 2(0.125)
41 1(05) 2(06) 1(0.267) 1(0.1)  17-3  2(07)  3(0.7) 2(0.356) 3(0.15)
42 1(05) 2(06) 1(0.267) 2(0.125) 18-1  2(0.7)  3(0.7) 3(0.444)  1(0.1)
43 1(05) 2(06) 1(0.267) 3(0.15) 182  2(0.7)  3(0.7)  3(0.444) 2(0.125)
51  1(0.5) 2(06) 2(0.356) 1(0.1) 183  2(0.7)  3(0.7) 3(0.444) 3(0.15)
52  1(0.5) 2(06) 2(0.356) 2(0.125) 19-1  3(1)  1(0.5) 1(0.267)  1(0.1)
53  1(05) 2(06) 2(0.356) 3(0.15) 192  3(1)  1(05) 1(0.267) 2(0.125)
6-1  1(0.5) 2(06) 3(0.444) 1(0.1) 193  3(1)  1(0.5) 1(0.267) 3(0.15)
6-2  1(0.5) 2(06) 3(0.444) 2(0.125) 20-1  3(1)  1(0.5) 2(0.356)  1(0.1)
6-3 1005 2(06) 3(0.444) 3(0.15) 20-2  3(1)  1(05) 2(0.356) 2(0.125)
71 1(05) 3(0.7) 1(0267) 1(0.1) 203  3(1)  1(0.5) 2(0.356) 3(0.15)
72 1(05) 3(0.7) 1(0267) 2(0.125) 21-1  3(1)  1(0.5) 3(0.444)  1(0.1)
7-3  1(05) 3(0.7) 1(0.267) 3(0.15) 21-2  3(1)  1(0.5) 3(0.444) 2(0.125)
81  1(05) 3(0.7) 2(0.356) 1(0.1)  21-3  3(1)  1(0.5) 3(0.444) 3(0.15)
82  1(0.5) 3(0.7) 2(0.356) 2(0.125) 22-1  3(1)  2(0.6) 1(0.267) 1(0.1)
8-3  1(0.5) 3(0.7) 2(0.356) 3(0.15) 22-2  3(1)  2(0.6) 1(0.267) 2(0.125)
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3.3.1The effect of defect axial length on ratcheting strain

The effect of defect axial length L/D on ratcheting strain of straight pipe subjected to internal

pressure (P=12MPa, 15MPa and 18MPa, respectively) and cyclic bending is shown in Fig. 6. The

relationship between hoop, axial ratcheting strain at position 1A and dimensionless defect axial length

L/D is shown in Fig. 6, respectively. Fig. 7 shows the effect of different defect axial length such as 0.5,

0.7 and 1 on hoop and axial ratcheting behavior, respectively. It is found that the longer defect axial

length L/D, the smaller the ratcheting strain.
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3.3.2The effect of defect depth on ratcheting strain

Fig. 8 shows the effect of defect depth H/T on ratcheting effect of straight pipe subjected to

internal pressure (P=12MPa, 15MPa and 18MPa, respectively) and cyclic bending. It shows the

relationship between hoop, axial ratcheting strain at position 1A and dimensionless defect depth H/T.

The effect of defect depth on ratcheting behavior is shown in Fig. 9. It is found that the ratcheting strain

increases with the increase of defect depth H/T.
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3.3.3The effect of defect circumferential length on ratcheting strain

Ratcheting behavior of straight pipe subjected to internal pressure (P=12MPa, 15MPa and 18MPa,

respectively) and cyclic bending is affected by defect circumferential length, as given in Fig. 10. It

indicates the relationship between hoop, axial ratcheting strain at position 1A and dimensionless defect

circumferential length. Fig. 11 shows the relationship between ratcheting behavior and number of

cycles. It is shown that the ratcheting strain increases with the increasee of defect circumferential

length.
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3.3.4The effect of internal pressure on ratcheting strain

The effect of internal pressure (P=12MPa, 15MPa and 18MPa, respectively) on ratcheting strain

of straight pipe subjected to cyclic bending is shown in Fig. 12, where the hoop and axial ratcheting

strain at position 1A is shown Fig. 13. It indicates that ratcheting strain increases with the increase of

internal pressure.
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4. Multiple regression method

Number of cycles

(b)

In order to obtain the relationship between ratcheting strain of straight pipe and internal pressure,

defect sizes, dimensionless relations are assumed as follows.
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Taking the logarithm on both sides of Eq. (9) and (10), provides,

P L H B
In(&,)=a In(a—in]+oz2 In (B}L% In (?)+a4 In[ﬁj+ Ink, (11)

In(¢,)=4In (;J+ﬂ2 In(%)+ﬂ3 In($j+ﬂ4 In(Q—iJ+ Ink, (12)

in

The parameters Y, and Y, represent In (5,6 ) anln (8n) , respectively. &, the parameters /3, ,

Gin

: P L H
X,, X,, X, and X, denote respectively Ink,, Ink,, Inj— 1, In o) In T and

B
In (ﬁ} The general forms of multiple linear regression models are expressed by Eq. (13) and

(14).
Vi = o X + oL X, o X, + o, X, + o (13)
Yo = BX+ BoXo + X + BiXy + Sy (14)
where the parameterscr,_,and f3,_, are regression coefficients, the parameters ¢, and /[, are
random errors. The estimated values are expressed by the parameters b0~4. Regression equation is
written as follows:
¥ =bx +b,x, +b,x; +b,x, +y (15)
Regression coefficients and random errors are estimated using the least square method, i.e.,
when the sum of squared residuals the calculated value Y and regression value ¥ reach the minimum,
the estimated values are taken as the regression coefficients and random errors of regression equation.
According to the statistical analysis software (SPSS), the regression results are written in the
following:

Hoop ratcheting strain:



1.534 -0.285 2.368 1.519
£ =116.164(£j (%} [?j (%j (16)
O-in

Axial ratcheting strain:

1.551 -0.292 2.203 1.819
6. = 70,669 —- (Lj (ﬂj (—B ] a7)
o, D T o0’

The scopes of Eq.(16) and (17) are 12MPa<P<18MPa , 05<L/D<1 ,
05<H/T <0.7and24° <B<40".
The errors of finite element computed results and fitted values are calculated by Eqg. (18) and (19).

Errors of hoop and axial ratcheting strain are listed in



Table 5.

e (18)
grﬁ

(19)
&

It is shown in



Table 5 that the errors of finite element computed results and fitted values of most of models are within

+15%. The regression results are acceptable.



Table 5 Error data

%

No. e, e, No. C, e, No. e, e,
1-1 19.466 20974  10-1 16.464  17.345  19-1 -0.203 4950
1-2 10791 12591  10-2 14554 15907  19-2 -3.048 0971
1-3 10.987 13275 103 15275  17.372 193 1801  5.752
2-1 2953 3737  11-1 -2.353  -2.684  20-1 3905  4.854
2-2 -2.657 2117 112 5320  -5.950  20-2 -0.038  0.954
2-3 2642 2317 11-3 1725 2515 20-3 6613  7.712
31 -10.268  -13.177  12-1 -6.851  -10.050  21-1 -7.583  -10.723
3-2 -17.119 20660  12-2 -9.345  -12.991  21-2 -3.993  -7.374
3-3 -14.743  -18560  12-3 -4320 8077  21-3 0977  -2.817
4-1 11.087 10800  13-1 5379 0658  22-1 -10.565  -15.315
4-2 2806 2578 132 2062 -6.174  22-2 -12.776  -16.601
4-3 4885 5037 133 1213 -1313 223 -8.368  -10.783
5-1 3234 0345  14-1 6.044 7000 231 5333 -1.398
5-2 -12.747 9048 142 1752 2483 232 -4.986  -0.437
5-3 -6.692  -3210 143 6.893  7.469 233 -0.278  4.757
6-1 0748 0461  15-1 8307 9144 241 -0.745  -2.203
6-2 -10.158  -11.884  15-2 -10.624  -11.893  24-2 1885  -0.050
6-3 -6.292  -8245 153 -0.932  -2.352 243 11125  8.953
7-1 -6.739  -10.998  16-1 -0.639  -18352  25-1 -1.865  -7.007
7-2 -13.776  -17.830  16-2 -16.914  -23.828  25-2 -10.406  -13.161



7-3 -12.158  -15.326  16-3 -17.604  -21.780  25-3 -6.406 -5.186

8-1 5.279 7.551 17-1 12.138 15.128 26-1 -10.587  -7.108
8-2 0.563 2574 17-2 9.102 12.371 26-2 -6.999 -2.875
8-3 2.118 3.827 17-3 12.798 16.206 26-3 2.530 7.023

9-1 14.352 15.896 18-1 -0.584 8.666 27-1 11.677 10.667
9-2 7.758 9.085 18-2 -1.772 -3.930 27-2 13.103 11.690
9-3 7.428 8.483 18-3 3.315 0.876 27-3 24.590 23.036

5. Conclusions

In this study, the ratcheting behavior of pressurized corroded straight pipe under cyclic bending

is investigated using Chaboche model. The effects of defect length, depth, width and internal pressure

on ratcheting strain are researched. The obtained results indicate that ratcheting strain increases with

the increase of defect length L/D, depth H/T, circumferential length and internal pressure. According

to the orthogonal design method, an orthogonal table Lo(3%) is established in order to analyze the

ratcheting strain of corroded straight pipe. Dimensionless relations of both circumferential and

longitudinal ratcheting strains to defect length, depth, width and internal pressure are established

based on the multiple regression method. The scope of the dimensionless relation is

12MPa<P<18MPa, 05<L/D<1, 0.5<H/T <0.7and24° <B<40".
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