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Abstract In order to evaluate the safety and integrity of pressure vessels con-
taining volume defects and piping with local wall-thinning at elevated temperature,
a numerical method for plastic limit load of modified 9Cr-1Mo steel pressure vessel
and piping is proposed in the present paper. The limit load of pressure vessel and
piping at high temperature is defined as the load-carrying capacity after the structure
has served for a certain time period. The power law creep behavior with
Liu-Murakami damage model is implemented into the commercial software
ABAQUS via CREEP for simulation, and the Ramberg-Osgood model is modified
to consider the material deterioration effect of modified 9Cr-1Mo steel by intro-
ducing the creep damage factor into the elasto-plastic constitutive equation. For
covering the wide ranges of defect ratios and service time periods, various 3-D
numerical examples for the pressure vessels with different sizes of volume defects,
the piping with local wall-thinning defects, and creep time are calculated and
analyzed. The limit loads of the defected structures under high temperature are
obtained through classic zero curvature criterion with the modified
Ramberg-Osgood model, and the typical failure modes of these pressure vessels
and piping are also discussed. The results show that the plastic limit load of
pressure vessel and piping containing defect at elevated temperature depends not
only on the size of defect, but also on the creep time, which is different from the
traditional plastic limit analysis at room temperature without material deterioration.
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1 Introduction

With the rapid development of modern industry, it is estimated that the world
demand for power supplies will increase by up to 50% in the next two decades [1].
Actually, it’s inevitable for the appearance of defects with various dimensions for
the pressure vessels and piping which are operated at elevated temperature. The
defects of local wall-thinning can reduce the load-carrying capacity of pressure
vessels and piping, even can lead to the leaking and explosion accident. Thus, the
safety and integrity assessment of the pressure vessels and piping which should be
serviced at elevated temperature for a long time becomes more significant.

The limit analysis is a method which is widely used for the pressure vessels with
volume defect and the piping with local wall-thinning defect in the structure safety
and integrity assessment at room temperature. The limit load of structure can be
obtained by limit analyses, which is a theoretical foundation for rational design and
safety assessment of pressure vessel and piping. In 1950s, the complete theory of
upper and lower bound for limit analysis was presented by Drucker and Hill [2, 3].
Then, the plastic limit analysis for axial symmetry shell and plate structures was
studied by Hodge and Belytschko [4—6]. Maier and Munro [7] reviewed the engi-
neering application of plastic limit analysis. It can be found that the researches on the
above are based on simple structures such as beam, axial symmetry shell and plane
problems. However, it’s difficult to obtain the analytical limit load solution for the
complex structures in engineering. With the development of finite element method
(FEM) and computer hardware, numerical method are widely used for the limit
analysis of complex structures. Chen [8] proposed a numerical method for limit
analysis of piping with local wall-thinning under multi-loading. Han et al. [9] studied
the limit moment of local wall thinning in piping under bending using FEM. Kim
et al. [10] calculated the collapse moment of pipe elbows with local wall thinning
using the “twice the elastic slope” (TES) method. At the same year, by using the
geometrically linear FE limit analyses, Kim et al. [11] proposed the effects of local
wall thinning on plastic limit loads of elbows. Mackenzie et al. [12] proposed a
simple method, named the elastic compensation method which is convenience for
engineering application. By using the penalty-duality algorithm and direct iteration
method, Liu et al. [13—17] calculated the limit load of 3-D structure with volume
defect and local wall-thinning, which is indicated that the numerical method for limit
analysis of complex structures is feasible and reasonable.

These researches of the limit analysis were conducted under room temperature
situation. However, it’s very different for the limit load analysis of pressure vessels
and piping from room temperature to elevated temperature. On one hand, the creep
regime of material must be considered when the components are subjected to elevated
temperature compared with the room temperature. On the other hand, the material
property is considered as virgin state without damage and deterioration during the
operating service at room temperature. However, the creep damage due to the material
property deterioration is inevitable, which leads to the cavity growth and nucleation in
the microscale and the effective load-carrying area decreasing in the macroscale. Both
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of the yield strength (YS) and the ultimate tensile strength (UTS) will be reduced
when creep damage mechanism is considered [18]. Consequently, the limit load will
correspondingly decrease when the components have served at elevated temperature
for a long time. These two aspects are vital important to expand the method of limit
load analysis for structures to elevated temperature field.

The material of interest in this study is modified 9Cr-1Mo steel, which is
high-chromium ferritic steels containing 9-12% chromium and has higher creep
strength and corrosion resistance than the traditional chromium-molybdenum steel
used in pressure vessels and piping system. The creep behavior and creep damage
model of modified 9Cr-1Mo steel have been studied by several researchers during the
past decades. From the microcosmic point of view, Arzt and Wilkinson [19] proposed
a dislocation based model for creep, which is valid for the local and general climb of
dislocations regardless of the climb mechanisms. Fournier et al. [20] introduced a
micromechanically based model for predicting the cyclic softening in the 9-12%Cr
martensitic steels. For modeling the creep behavior of modified 9Cr-1Mo steel, Bock
and Kager [21] performed an extensive research using the finite element method.
Instead of using standard evolution law for predicting long term creep, the models
based on microstructural variables are proposed. In order to take the dislocation
density and subgrain coarsening into account, Sklenicka et al. [22] suggested that the
role of the dislocation substructure is dominant for the creep behavior of 9Cr-1Mo
steel. Based on phenomenological approach, numerous creep model have been
presented by researchers, such as Graham [23], McVetty [24], Conway [25] and
Norton [26], and corresponding creep constitutive functions include power law,
logarithmic, exponential and hyperbolic sine law have been used for representing the
creep behavior respectively. Nevertheless, these models cannot be used to describe
the tertiary stage of creep. To characterize the full creep curve, the continuum damage
mechanics (CDM) models coupling creep, plasticity and viscoplasticity have been
developed to simulate material deterioration. The creep damage model in the
pioneering work is Kachanov [27] and Rabotnov [28] (K-R) model which has been
widely accepted and used for predicting the tertiary creep behavior [29]. Based on the
concept of K-R model, dozens of creep damage models were presented according to
the various definition of damage hereafter. Chaboche et al. [30], Lemaitre et al. [31],
Hayhurst et al. [32, 33], Murakami et al. [34, 35], and Dyson et al. [36] presented
creep models with different number of damage factors include single, double, triple or
even quadruple variables, respectively. Hyde [37] et al. used different CDM models
to approach the creep damage behavior of modified 9Cr-1Mo steel and to analyze
simple pressurized pipe structures conjunction with the finite element method. Based
on a micromechanical consideration of void growth and coalescence under creep
damage conditions, a strain controlled creep damage model was presented by Cocks
and Ashby [38]. Basirat et al. [39] proposed a CDM model based on dislocation and
considered precipitate to simulate the creep behavior of modified 9Cr-1Mo steel.

It is worth noting that almost all the researches on creep damage models focused
on the material deterioration in creep mechanism, but the material deterioration in
plastic mechanism caused by creep damage, which is the key point to the limit load
analysis, has not attracted sufficient attention. Researches showed that high creep
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damage accumulation rate caused by high stress level and long time, which indi-
cates that the material deterioration for plastic regime under creep condition is
dependent on stress level, creep time and evaluated temperature. Xue et al. [40] and
Wang et al. [41] presented creep damage model considering material deterioration
in plastic mechanism for P91 and 2.25Cr-1Mo steels respectively. However, dif-
ferent stress levels in structures with defects have not been considered, which is a
crucial factor to the limit load analysis at elevated temperature.

In the present paper, the limit load at elevated temperature is defined as the
load-carrying capacity after the structure served for a certain period of time, and the
limit analysis of pressure vessels and piping with local wall-thinning at 650 °C is
numerically studied. The material is modified 9Cr-1Mo steel. The Liu-Murakami
creep damage model and the modified Ramberg-Osgood model are implemented
simultaneously in ABAQUS via CREEP and USDFLD subroutines. The creep
damage due to the material deterioration at different stress levels is also considered.
In addition, a series of numerical examples are completed to investigate the effects
of defect dimensions on the limit load and the failure mode of pressure vessels and

piping.

2 Continuum Damage Constitutive Equations

2.1 Creep Damage Constitutive Model

At high temperature, the creep deformation is dominated and the redistribution of
stress is found to be dependent on the creep constitutive laws obeyed by the material
[42]. Typical creep deformation includes three regimes: primary, secondary, and
tertiary creep regimes. The continuum damage mechanics (CDM) models are
adopted here to characterize the full creep curve. One of the most widely used CDM
model is Kachanov [27] and Rabotnov [28] (K-R) model which has a single-state
damage variable. However, the creep strain rate will approach infinity when the
damage parameter approach to value 1.0. Though this effect can be reduced by
setting the damage parameter to 0.99 when the material fails to complete the
numerical calculation, the effect of damage localization of K-R constitutive equation
cannot be avoid.

Attempting to address the issue of high damage rates as the damage parameter
approaches value 1.0, Liu-Murakami (L-M) model has been presented in [34].
Multiaxial forms of the L-M model are given by

2
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Table 1 Creep and damage constants for Mod. 9Cr-1Mo steel at 650 °C [43]
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where slcj, Ocq and S;; are the multiaxial creep strain rate components, the von Mises
equivalent stress, and the deviatoric stress components, respectively. The damage
parameter @ represents the condition of the material deterioration in creep regime,
which varies from O to 1 indicating virgin material and fully damaged material
respectively. A, B, n, y and ¢, are the material constants in Norton’s law, which can
be obtained in general by curve fitting. o, is the rupture stress.

The L-M model is implemented by the CREEP subroutine in ABAQUS, and the
CREEP subroutine is verified by the uniaxial creep tests in [37]. All the constant
parameters for the L-M model were listed in Table 1 [43]. Comparisons of the creep
curves under different applied stresses obtained by creep tests and the present
CREEP subroutine with ABAQUS are given in Fig. 1. It can be seen from Fig. 1
that the test data and the finite element analyses curves are correlated very well,
which indicates that the L-M model can accurately represent the creep behavior of
modified 9Cr-1Mo material and the subroutine codes are also validated.
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2.2 General Hardening Elasto-plastic Constitutive Model
with Damage

The calculation of structure limit load is dependent on the yield strength (YS) and
ultimate tensile strength (UTS) of material. However, both of the YS and UTS of
modified 9Cr-1Mo steel material are not constant under creep condition. It is
revealed that YS and UTS would decrease with the increment of the temperature
and creep damage increases due to material deterioration [44, 45]. Therefore, it is
essential to induce creep damage into elasto-plastic constitutive model.
Ramberg-Osgood (R-O) equation [46] is an elasto-plastic constitutive model
with an exponent law and widely used to describe stress-strain curve of ductile
material with general hardening behavior. Hence, the R-O model has been
employed in current paper for modified 9Cr-1Mo steel and the equation is given as

1/nro
(o3 o
—eetey=—+ | — 4
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where ¢, &, €, and E are total strain, elastic strain, plastic strain and Young’s
module, respectively. ngo and Hgro are material constants and given by [47]
(Table 2)
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The modified R-O constitutive model considering the material deterioration due
to the creep damage is defined as below

1/nro
e=5+( ° ) (7)
E l)ur}1320

where Dy, is the UTS damage ratio which is proposed by Du et al. [49,50]. Con-
sidering the creep damage, the limit analysis can be implemented via the modified
R-O constitutive model and the L-M creep model at high temperature.

Table 2 Elasto-plastic E (GPa) |v Oys Guts nRO Hgro
properties for Mod. 9Cr-1Mo (MPa) (MPa) (MPa)

steel at 650 °C [44, 48]
155 0.3 165 228 0.11 323.19
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3 Finite Element Model

3.1 Cylindrical Pressure Vessel with Volume Defect

Only one eighth of the pressure vessel is modeled due to the symmetry of the
structure. The geometry of the cylindrical pressure vessel with volume defect is
shown schematically in Fig. 2.

In Fig. 2, R, is the outer radius of the cylinder, R; is the inner radius of the
cylinder, T is the wall thickness of the cylinder, L is the length of cylinder, A" and B’
are the half of axial and circumferential length of the volume defect, respectively,
C' is the depth of the volume defect.

Define the dimensionless axial length ratio, circumferential ratio and depth ratio
of the volume defect as a=A"/B, b=C"/B and c=C /T respectively. The ratio of
outer radius versus inner radius of cylinder is denoted by K =R,/R;. The basic
geometry parameters are listed in Table 3. In order to calculate the limit load of
cylindrical pressure vessel structure with different shape volume defect and creep
time, the following non-dimension parameters are considered,

assigns 1.0 or 3.0,

assigns 1/1, 1/3 or 1/4,

assigns 0.33, 0.5 or 0.6,

creep time (hours), whose values are ranging from 0 to 10000.

SN

Fig. 2 Dimensions of the cylindrical pressure vessel with volume defect

Table 3 The basic geometry parameters of cylindrical pressure vessel structure

R, (mm) R; (mm) L (mm) T (mm) K
550 460 1500 90 1.20
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3.2 Piping with Local Wall-Thinning

A quarter model of the piping with wall-thinning is modeled due to the symmetry of
the structure. The geometry of the piping with local wall-thinning is shown
schematically in Fig. 3.

Where R, is the outer radius of piping, R; is the inner radius of pipe, T is the wall
thickness of pipe, L is the length of pipe, A" and B  are the half of axial and
circumferential length of the local wall-thinning respectively, and C is the depth of
the local wall-thinning. The fillet is created along the corner of local wall-thinning
in order to reduce the stress concentration.

The dimensionless axial length ratio, circumferential ratio and depth ratio of the
local wall-thinning are defined as a=A'/\/R,T, b=B'/zR, and c=C /T, respec-
tively, and the ratio of outer radius versus inner radius of pipe is defined as
K =R,/R;. The basic geometry parameters are listed in Table 3. In order to cal-
culate the limit loads of piping with different life fraction and types of local
wall-thinning which include small area pit, axial pit, circumferential pit and large
area pit, the following non-dimensional parameters are considered,

a, dimensionless axial length ratio of the local wall-thinning, with values 0.61,
1.0 and 3.0, respectively.

b, dimensionless circumferential length ratio of the local wall-thinning, with
values 0.08 and 0.25, respectively.

¢, dimensionless depth ratio of the local wall-thinning, with values 0.1, 0.3 and
0.5, respectively.

te =t/t;, life fraction, with values 0, 0.2, 0.4, 0.6 and 0.8, respectively.

Fig. 3 Dimensions of the piping with local wall-thinning
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3.3 Boundary Conditions and Applied Loading

The boundary conditions and applied loading of the cylindrical pressure vessel
structure are shown in Fig. 4.

The symmetric boundary conditions (Sym-BC) are applied on the symmetry
surface. P is the internal pressure which is 9.8 MPa at initial step. o; denotes the
axial force.

The multi-loading systems in piping are more complex than that in cylindrical
pressure vessel, which includes not only the internal pressure but also the bending
moment M. In order to simulate the bending moment in the pipe FE model, the
coupling technique is used to couple all the nodal freedoms of the end surface to a
reference point (RP), and the ending moment has been applied to this RP in YOZ
plane. The internal pressure is 4.81 MPa at initial step. o, denotes the axial force in
order to simulate the closed-end condition. The symmetric boundary conditions
(Sym-BC) are applied on the symmetry surface. And all the multi-loading systems
and boundary conditions of the pipe structure are shown in Fig. 5.

In order to analyze effects of the combination of pressure and moment to the
limit load, the limit pressure ratio, limit moment ratio and load combination ratio
are defined as

R PL
- 8
"7 P ®
- ML
- 9
b Mo ©)
My
m=—= (10)
Py

Fig. 4 Boundary conditions and applied loading of the pressure vessel structure
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Fig. 5 Multi-loading systems and boundary condition of the pipe structure

where P and My are the limit pressure ratio and limit moment ratio, respectively.
Py and My, are current limit pressure and current limit moment of structure with
defect after service for a certain period, respectively. Py is the limit pressure of the
perfect structure when the bending moment is zero and My is the limit moment of
the perfect structure when the pressure is zero. m denotes the load combination
ratio, with 0, 0.5, 1.0, 2.0 and oo, respectively. Specially, the single internal
pressure condition or the single bending moment condition for piping has been
accomplished when m is setting 0 or oo.

The dimensionless defect factor considering multiple the defect dimensional
parameters is defined as [51]

’

b

R CA
—_—= (11)

ol B
Go=—+ =+ -—-
T R, T TR,T

x|

where Gy is dimensionless defect factor and Ry, is middle radius of the cylindrical
pressure vessel.

4 Numerical Results

4.1 Creep Damage and Material Deterioration

When the pressure vessels and piping with different defects have served for a long
time, the field dependent R-O properties and creep damage factor fields for the
pressure vessels and piping are shown in Figs. 6 and 7, where t =9 represents the
service time when the creep damage is approaching to 0.9.

The results in Figs. 6 and 7 show that the von Mises stress around the local
wall-thinning zone is lower than those in the other zones when the creep time is
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(a) (b)

Fig. 6 Results for pressure vessel. a Field dependent R-O properties. b Current creep damage
field

(a)

sow
CAvg: 7598
+ 90000

- * 8. 250

g
%

-
I
Se805958555

setbes
FERRFRTERR

Slmbbiais
E2EUEIRUE

+ 00

Fig. 7 The creep damage factor fields for piping with different local wall-thinning. a Small area
pit. b Circumferential pit

approaching to #p9. It is also noted that the larger the damage factor becomes, the
lower the von Mises stress is, which indicates that the effect of material deterio-
ration can be successfully characterized by modified R-O model.

4.2 Limit State and Plastic Failure Modes for Pressure
Vessel with Volume Defect

Considering the material deterioration at high temperature, the limit load and the
plastic failure mode of the pressure vessel with volume defect under the creep
damage condition depend on the defect ratio a, b, ¢ and the creep time ¢. Assuming
the radius ratio K is constant, the limit state of cylindrical pressure vessel with
volume defect parameter ratios which are a=1.0, b=1/1 and ¢=0.33 when creep
time is ranging from 0 to 5000 h at 650 °C are shown in Figs. 8 and 9.

The results in Figs. 8 and 9 show that the modified field dependent R-O material
properties are updated via USDFLD subroutine, corresponding to the current creep
damage accumulated via CREEP subroutine. The maximum creep damage of
cylindrical pressure vessel is increased from 0 to 0.663 and the limit load is
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25REEAEEAEEEE

Fig. 8 The extension of plastic zone of cylindrical pressure vessel with outside volume defect
(K=1.20,a=1.0,b=1/1, ¢c=0.33, t=0 h). a Field dependent R-O properties. b Current creep
damage field. ¢ von Mises stress field under P=22.12 MPa. d Limit load state (P =42.64 MPa)

Fig. 9 The extension of plastic zone of cylindrical pressure vessel with outside volume defect
(K=1.20, a=1.0, b=1/1, ¢=0.33, t+=5000 h). a Field dependent R-O properties. b Current
creep damage field. ¢ von Mises stress field under P=22.12 MPa. d Limit load state (P =38.76
MPa)
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decreased from 42.64 to 38.76 MPa. Under the limit load state, the von Mises
equivalent stresses around the high damage zone are less than those in the same
places when creep time is 0, which means that the material strengths around the
defect are reduced with accumulation of the damage. It can be indicated that the
modified R-O damage model associated with the L-M creep damage model is
implemented successfully though ABAQUS via subroutines. The initial plastic
zone locates at the bottom of spherical pit when the defect ratios are small (a = 1.0,
b=1/1, ¢=0.33). With the increment of internal pressure, the plastic zone is
expended along the axial direction until almost the whole structure turns into plastic
flow state, which means that the limit state is reached, and the failure mode of
pressure vessel is the global structure plastic failure.

4.3 Limit Load Ratio with Defect Ratio for Pressure Vessel

By processing the results with zero curvature method, the curves of volume defect
ratios to limit load ratio of cylindrical pressure vessel structure under high tem-
perature are shown in Fig. 10.
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Fig. 10 Relationship of the limit load ratio with volume defect ratio.aa=1.0, b=1/4. b a=3.0,
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212 X. Du et al.

It can be seen from Fig. 10 that, with the increment of defect depth ratio c, the
limit load ratio presents the descending tendency. The smaller the defect circum-
ferential length ratio b is, the faster the limit load ratio decreases. In a similar way,
the larger the defect axial length ratio a is, the faster the limit load ratio decreases.
With the high creep damage rate, the secondary and tertiary creep stages are shorten
substantially, and the limit load ratio decreases rapidly, even the limit load could
not exist when the high creep damage zone appeared in a number of elements along
the thickness of the cylindrical pressure vessel. Therefore, the defect ratio must be
restricted carefully to ensure the safety of the pressure vessel structure at high
temperature.

4.4 Plastic Failure Modes at Limit States When Piping
Under Multi-loading Condition

The limit load and the von Mises stress results with different type of local
wall-thinning (small area pit, circumferential pit, axial pit and large area pit) are
given in Fig. 11.

(a) (b)

6 Mises
{Ava 5%}
2170

(v 758
217088 02

15810402
fi3anecoz

(c) (d)

5, Mises
{Avge 75%)
131200002

Fig. 11 The limit states of piping after serving for #y9 hours with different local wall-thinning and
small defect depth under both internal pressure and bending moment loading condition. a Small
area pit. b Circumferential pit. ¢ Axial pit. d Large area pit
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The failure modes of piping with local wall-thinning defect at limit states can be
found from Fig. 11 when both the internal pressure and bending moment are
applied. When both of the load combination ratio and the depth ratio are relatively
small, which means the internal pressure is predominant compared with the bending
moment, almost all the zones of the piping are getting into plastic flow state if the
type of local wall-thinning is small area pit or circumferential pit. It means that the
limit state of piping is reached, and the failure mode of piping is global plastic
failure. Whereas, only the defect area of piping is getting into plastic flow state if
the local wall-thinning type is axial pit or large area pit, and the plastic hinge is
emerged in pit. It can be indicated that the failure modes of these types of piping are
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Fig. 12 Limit loads versus the ratios of local wall-thinning The limit states of piping after serving
for #p9 hours with different local wall-thinning and small defect depth under both internal pressure
and bending moment loading condition. a m=0.5,b=0.08,c=0.5. b m=0.5,a=0.61,c=0.5.
cm=05,b=0.25,c=0.5.d m=0.5,a=3.0,c=0.5
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local plastic failure. However, if the defect depth ratio is relative large, the failure
modes of piping are changed to the local plastic failure if the local wall-thinning
type is small area pit or circumferential pit. The failure modes of the other type of
defect are the same as the small defect depth ratio.

4.5 Limit Load Ratio with Defect Ratio for Piping

Using the numerical method for the limit load of piping under elevated temperature
proposed previously, the limit loads are calculated at each service timeline, then the
limit pressure ratios P and the limit moment ratios My are obtained for the piping
with one local wall-thinning defect type. By changing the defect ratios, all the limit
loads for piping with local wall-thinning defect can be completed. Figure 12 shows
the effect of defect ratios on the limit loads.

In order to analyze the effect of defect ratios @ and b on the limit loads, the depth
ratio c is set as a constant parameter (¢ =0.5). It can be seen from Fig. 12 that, when
the load combination ratio is relatively small, all the limit pressure ratios decrease
with the increment of the service time due to the material deterioration, meanwhile,
the limit pressure ratios also decrease sharply with the increment of axial length
ratio a and circumferential ratio b. However, ratio b can be ignored when ratio a is
large enough (a = 3.0), which indicates that the axial length ratio has main influence
on the limit load when the internal pressure loading is dominant.

5 Conclusion

In this research, numerical limit analysis of modified 9Cr-1Mo steel pressure ves-
sels with volume defect and piping with local wall-thinning at 650 °C has been
studied. The creep behavior with L-M damage model and general hardening
behavior with modified R-O model have been implemented in ABAQUS with the
CREEP and USDFLD subroutine. The limit load under elevated temperature is
defined as the load-carrying capacity after the structure serviced for a long time.
The UTS damage ratio has been defined to consider the creep damage, and then, the
R-O model has been modified by embedding the UTS damage ratio to take into
account material deterioration. Thus, a numerical solution method for the limit load
at elevated temperature considering creep damage due to material deterioration has
been proposed.

Meanwhile, examples for pressure vessels and piping with different sizes of
defects and multi-loading systems have been calculated and analyzed, and the
following conclusions can be drawn:

1. The service life and limit load of pressure vessels and piping are very sensitive
to the defect ratio at high temperature. The failure mode of pressure vessels and
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piping is global structure plastic failure when the defect ratio is relative small,
whereas the failure mode is local plastic failure in the limit state when defect
ratio is relative large.

Large defect can speed up the accumulation of creep damage during creep
deformation. With the high creep damage rate, the secondary and tertiary creep
stages have been shorten substantially, and the limit load ratio is reduced
rapidly, even the limit load is no longer exist when the creep damage zone is
achieved in a number of elements along the thickness of the cylindrical pressure
vessel. Therefore, the defect ratio must be restricted carefully to ensure the
safety of pressure vessels and piping at high temperature.

. For the piping with local wall-thinning at high temperature, the axial length ratio

a has main influence on the limit load when the load combination ratio m <0.5,
which indicates that the internal pressure is dominant. In a similar way, the limit
load is mainly effected by the circumferential ratio » when the load combination
ratio m > 2.0, which indicates that the bending moment is dominant. If the load
combination ratio 0.5 <m < 2.0, the limit loads are not dependent on the single
defect ratio.
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