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Buinonnen pacuem oonzoseunocmu 6 ycnosusx noazyvecmu Oasi NPAMOTUHEUHBIX MOHKOCHEHHbIX
mpy6, n00BEePSHYMbIX COBMECIHOMY HASPYICEHUIO BHYMPEHHUM OasieHueM, pacmasusaoujell cunol
u uzeubarowum momenmom. Pacuem epemenu 0o paspywienus npu noizyuecmu oCyuwecmeiaemcs
UCNONB306AHUEM IKGUBANCHIMHBIX HANPAJICEHUL, KOMOpble ONpeoeisioncs CO2NACHO CMeUaHHOMY
Kpumepuio “0muodcenHo20 paspyuleHus’”’, ceA3vlearoujeMy MAaKCUMAIbHble HOPMANbHble HAanpsdice-
HUSL ¢ UHIMEHCUBHOCbIO MAHSEHYUATbHBIX Hanpsadcenul. Ilonyuennvle pacuemmuvle pe3yibmamol
XOpouio coznacyromes ¢ OAHHbIMU, NPUBCOCHHLIMU 6 TUMEPAMYPHbIX UCHOYHUKAX Olid mpyd, noo-
8EP2HYMBIX KOMOUHUPOBAHHOMY Hazpydicenuio. IIpednodicennviii n0OX00 NO3601sem paccuumams
epems 00 paspyuleHus npu nonzyuyecmu O MOHKOCHEHHbIX MpYyb, COBMECMHO HA2PYHCACMbIX
SHYMPEHHUM Od6NIeHUEM, PACMALUSAIOWEl] CUNOU U U3UOAIOWUM MOMEHIOM.

Knrwouesvie cnosa: paspylieHue Mpy MOJI3YYECTH, BHYyTPEHHEE AaBIICHNE, TNIOCKAN
M3Tu0, TOHKOCTCHHASI TPyOa, OJTHOOCHOE PACTSKEHUE.

Introduction. Elements of steam and gas turbines, jet engines, steam boilers,
rockets, oil and gas processing plants widely use thin-walled pipes. These elements
can be subjected to creep; therefore the creep analysis is of great interest [1]. The
time to failure ¢z, of a thin-walled pipe under internal pressure p, axial force N,
and bending moment M, is the objective of this study.

In [2—4], a mixed plane-stress criterion of delayed failure was established and
experimentally validated for metal and polymeric materials. The criterion has the
form of a two-parameter linear interpolation relating two stress invariants that
represent ductile and brittle fracture and accounting for the signs of the principal
stresses. However, Golub used the concept of unified limit stress diagram to model
creep—fatigue interaction [5]. In addition, experimental analysis of high-temperature
creep, fatigue and damage has been performed in [6]. A technique of constructing
unified deformation and damage diagrams based on the conditions of proportional
similarity is substantiated.

Creep deformation and damage of high-speed steel HS 6-5-3 was investigated
by numerical simulation by Hofter et al. [7]. Whereas, Cole and Bhadeshia [8] tried
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to estimate the creep rupture strength of heat resistant steels and welds. Cole deals
with quantitative methods for the design of steel weld metals for elevated
temperature applications.

A series of fatigue tests under uniaxial and torsional loading at constant room
temperature was carried out in [9]. A cyclic constitutive and damage model is
presented to describe the characterization of stress strain response and damage
evolution for these fully reversed strain-controlled tests.

Tinga et al.[10] have proposed a damage model for single crystal Ni-base
superalloys that integrates time-dependent and cyclic damage into a generally
applicable time-incremental damage rule. Yang et al. [11] have proposed a simple
stress-controlled fatigue-creep damage evolution model based on the ductility
dissipation theory and effective stress concept of continuum damage mechanism,
where damage constants can be obtained through fatigue-creep tests directly.

An advanced elasto-viscoplastic model for the time-varying response of
ultra-high molecular weight polyethylene (UHMWPE) was used by Bischoff [12]
to explore the effects of loading frequency and creep time on the material behavior
during cyclic loading. Whereas, an integral computational method has been
developed to provide the initial values to a subsequent fitting of creep data based
on non-linear and iterative methods by Rieiro et al. [13]. Kachanov [14] has
suggested a theoretical model for the time to rupture with the account of
embrittlement.

A method for the estimation of the time to failure under creep conditions
proposed by Zharkova and Botvina [15] is based on the approach of a phase
transition theory and the similarity of fracture mechanisms.

The equivalent-stress methods of long-term strength analysis of pipes are the
most efficient and widely used in current design practice. The accuracy of
calculations strongly depends on the adequacy of the equivalent stresses to the
stress and failure modes of the pipe and on the degree of agreement between the
material constants and long-term strength characteristics obtained under uniaxial
tension

1. Analysis. This paper is focused on thin-walled pipe subjected to internal
pressure, axial load, and bending.

1.1. The Failure of Thin-Walled Pipes under Internal Pressure [2].

1.1.1. Failure under Internal Pressure. Golub et al. [2] have derived a formula
to evaluate the creep time for pipes under internal pressure

_ po _ po _
1
tRT = m° (2)
BI(1+ a)/l]"’(’;)
where
D
A=—"

o 3)
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The material constant « is

g 20 @

1.1.2. Failure under Internal Pressure and Axial Load. For a rectilinear
thin-walled pipe under internal pressure p and axial tensile force N, the
equilibrium conditions for the pipe yield:

Case (a): 0 <41/2,

o _ PP o —po+ N 0;=0
S 2Ty Tapone 937 (5)
N D
for < P m
D, h 4h
The creep time is given as
—m
. V32 + 407 + 34— 312 + 467 )a (p)"" ]
RT = g NG 5] (6)
where
N
=0
aD,hp )
M3, =322 +46% p,) .
a= .
(23A =322 +46% )0,
Case (b): 0= /2. The equilibrium conditions for the pipe yield
0=po+ N 0=po 0,=0 9
S Tap, e 2T 0 93 ©)
N _ pDy
f >
wD h= 4h
The formula for creep time is
—m
1| V322 +40% + (\BA+ 230 =322 + 462 )| (p\ ™"
tRT = - (10)
B 3 2
and

(A+20)2\30, =322 + 462 p,) -
a= .
2AV3(A+20)— V342 + 462 o,
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1.1.3. Failure under Internal Pressure and Bending. For a rectilinear thin-
walled pipe under internal pressure p and bending moment A ,, the equilibrium
conditions for the pipe are:

Case (a): &< 1/2,

o =& o =po 2M 0,=0
1 2h s 2 4h ﬂDih, 3 (12)
2M D
for Zb SPJ
aD,h  4h

The creep time is given as

1|3 487 + (30— 3 + 4E7)a _m(p)—m
Iy = B NG 5 )
A2VBo, — 322+ 4€% p,) y

a: b
(2BA =322 + 4E%)o, (9

2M,
B nD,%th' (15)

(13)

where

Case (b): &= /2. The equilibrium condition

po 2A/[b po
0= 2,° 027 ;. 03=0 (16)
4h D h 2h
2M D
for 2b Zp au
aD,h  4h

The creep time is

1B+ 482 + (V32 + 2438 — 312 + 4% ) _m(p -

2) Lo

{ =
RT B \/g

(A+2E)(2Bo, — 37> + 4E% p,) s
o= .
AVI(A+28)— 342 + 452 o, (%)

1.2. Formulation of the Problem and the Proposed Initial Relations.
Consider a long rectilinear thin-walled pipe of circular cross section under creep
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conditions. Denote the diameter of the median surface by D,, and wall thickness,
which is constant, by A. It is assumed that 22 <<D,,.

The pipe is subjected to internal pressure p in combination with axial tensile
force N and bending moment M ,. Under creep, the external load remains
constant. The ends of the pipe are not restrained, and its deformation is free. The
material of the pipe is homogeneous, isotropic, and incompressible, and its initial
state is elastic. The time to failure 7y of the pipe is found using the approach of
Golub et al. [2] based on the concept of equivalent stress as some scalar
characteristic of the initial stress of the pipe. The equivalent stress relates the
failure of the pipe under arbitrary stress and the failure of a cylindrical specimen
under uniaxial tension. Therefore

1 1

p = =lpr = ) 19
B(a,)" B(0,)" (19)

where fp and o, are the time to failure and failure stress of smooth cylindrical
specimens under uniaxial tension, o, is the equivalent stress, and B and m are
material constants determined from standard uniaxial-tension creep-rupture tests on
smooth cylindrical specimens. In what follows, we consider that for the values of
B and m found, the delayed-failure patterns of smooth specimens and thin-walled
pipes are identical. If the standard long-term strength curve has breaks, the values
of B and m are calculated for each section of the curve.

The combination of internal pressure, tension, and bending induces plane
stress in thin-walled pipes. A mixed delayed-failure criterion in the following form

(3D

a0y T (1= Q)s; for 0,>0,>0,05=0,
eq = (20)

20T pax + (1= P)r,y for 0,>0,0,=0,05<0

can be used as the equivalent stress o .. This criterion accounts for the signs of the

principal stresses and relates the maximum normal stress O x>

Oax =015 21)

the intensity of tangential stresses,
Si:L\/Ulz_"le‘HT%a (22)

NE)

the double maximum tangential stress 27,

meax=al_029 (23)

and the octahedral tangential stress 7,

2
Toctz?\/olz_alaz_i'og’ (24)
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where 0, and o0, are the principal normal stresses (0, >0,), and @ and f are
experimentally determined material constants reflecting the effect of the plane
stress mode (0, is any nonzero second principal stress). When thin-walled pipes
are subjected to internal pressure in combination with tension and bending, the
signs of the principal stresses coincide. Substituting the first relation in (20) into
Eq. (19) and taking into account (21) and (22), we obtain an equation for the time
to failure in terms of the principal stresses

—m
x/gaol +(1—- a)\/alz — 0,0, t 0%
trr =B NG , (25)

which in fact determines the time of occurrence of local failure.

1.2.1. Failure under Internal Pressure, Tension, and Bending. Consider a
rectilinear thin-walled pipe with the edge plates under internal pressure p and
both axial load N and bending moment A ,. We assume that the pipe is long. The
plane stress state in the median surface of the pipe is membrane and statically
determinate. The equilibrium conditions yield

o,=0 = PP 0,=0 - +2Mb
! ¢ 2n° 2 ‘ 4h 7D, h nDih ’ (26)
03=0,=0

PNy 2Mzb < PPm

stress, and o, 1is the radial stress, while,

fo

,and where o, is the hoop stress, o, is the axial

4

pD,, 4 N 4 2M, pD 0
N T
ah " aD,h ZpZp’ 2T 2k 3 @7)

Ul:

N 2M, pD,
r + =
ﬂDmh nDih 4h
Case (a): 0+ & < /2. Substituting Eq. (26) into Eq. (25) yields the time to
failure 0+ &< 1/2,

fo

1/2
2N 2M,

+

? 2 M,
4| —5——L| +4
aD,h P

V3D D, \? N oY
+ 13| +4 +4
h 2h aD, hp
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27 " m
AN 2M, )
+ 4 > = (28)
2D, hp wD? hp 23
or
V%124-462-F4§2-+86§
tRT = \/g +

—m

_ |xq2 2 2 —m
, 3138 +40” + 48”4 8F)a (p) | 09)
NG 2

where A, 0, and & are dimensionless parameters, describing variation in the
stressed state of the thin-walled pipe under internal pressure, axial load and
bending, which are obtained from Egs. (3), (7) and (15), respectively.

The material constant « in Eqgs. (28) and (29) is determined from the
following relation [3]:

ARN30, — (372 + 407 + 452 + 808 ) p, |
a:
2434 — 342 + 402 + 482 + 8¢ |0,

(30)

where o, and p, are experimentally determined values of averaged long-term
strength (in view of the statistical properties of the material) for a cylindrical
specimen under uniaxial tension and a thin-walled pipe under internal pressure,
which correspond to the same time to failure.

Case (b): 0+ & = A/2. Substituting Eq. (27) into Eq. (25) yields the time to
failure 0+ &= 1/2,

5 1/2
trr = 3(D”1)2+4 N 2+4 2 My N _2M,
RE=17\ 20 aD,,hp aD2h P 7D, hp D hp
D N 2M D, \? N Y
+[2V3] =2 + + |- 3( ”’) +4 +
4h 7D, hp  aDXhp 2h 7D, hp
2 M, v, Ve
ro| - 2 (") (1)
aD,h P 7D, hp 7D, hp 23

or

372 + 402 + 482 + 80&
ZRT = \/g +
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—m

_ [22 2 2 —m
, [3G+20+26) J33§+4a + 482 4 80E | (,2,) o

The material constant « is determined from [3],

(A+20+28) (230, — (372 + 402 + 462 +80& ) p, }
o=
V34 +20+2E)— 2372 +40% + 4E* +80E o,

(33)

where the notation is the same as in (30).

Substitute in Eq. (29) with 6=0 and £=0 (i.e., pipe is under internal
pressure only) yields to the same Eq. (2). Otherwise substitute in Eq. (29) with
0=0 yields the same Eq. (13), while substituting with =0 yields Eq. (6).
Similarly substitute in Eq. (30) with d=0 and £=0 yields the same Eq. (4),
substituting in Eq. (30) with £ =0 yields the same Eq. (8) and substituting with
0 =0 yields the same Eq. (14) (i.e., as in [2]).

Substitute in Eq. (32) with 0 =0 yields the same Eq. (17), while substituting
with £ =0 yields Eq. (10). While substituting in Eq. (33) with £=0 yields the
same Eq. (11), and substituting with 0 =0 yields the same Eq. (18) (i.e., in
agreement with [2]).

The critical state between cases (a) and (b) is when 0+ & = 1/2, substitute
with this value in Egs. (29) and (32) yields the same following equation:

1[40+ 51+0.732a) ] p\ "
.

While substituting with 0+ &= 1/2 in Egs. (30) and (33) yields the same
following equation for a:

LB, =20+ 8)p,)
B 0.7320, ‘

(35)

2. Results and Discussion. The time to creep failure of thin-walled pipes
under internal pressure combined with axial load and bending is introduced in the
previous section. These analytical solutions are concerned with long rectilinear
thin-walled pipe, in order to predict the time failure of the pipe according to the
parameters of the stressed state, as well as the internal pressure of the pipe.

The results are given in Figs. 1-10. Figures 1 and 2 show the results obtained
for internal pressure versus failure time for 1Kh13N16B steel. For 1IKh13N16B
steel (Figs. 1 and 2) there is a slight increase in failure time with 0 =2.5 and
£ =0.8 as compared to the case when 0 =& =0. There is a noticeable increase in
failure time (77%) when pipes under internal pressure are subjected to combined
axial load and bending (Fig. 2). The values of B, m, A, 0, and & used in the
calculation are summarized in Table 1.

112 ISSN 0556-171X. IIpobnemsr npounocmu, 2010, Ne 4



Creep Failure Time of Thin-Walled Pipes ...

Table 1
The Materials Used ([2])
Material T,°C B, m A o 3 a
MPa™" -h~!
Steel Kh18N10T | 850 2710-10~7 3.04 11.50 5.75 1.50 0.8430
Steel 1Kh13N16B| 700 1.078-10"13 4.95 4.10 2.50 0.80 0.1900

Steel 1Kh18N9T | 800 3.396-1072° 15.41 20.50 10.00 1.65 0.9126

700 | 1567-107 1 6.23 7.15 3.50 0.90 0.8596

Steel 20 500 | 3117-10°17 | 6.58 9.60 9.50 200 | 0.1619

1.E+06 A

—5&=2.5
1.E+02 T T T T

5 10 15 p, MPa 20 25 30

Fig. 1. The relationship between the internal pressure and the failure time for steel 1Kh13N16B with
A and O. (Here and Figs. 2—-10 data are show in Table 1.)

1.E+09

1.E+06 A

trr»> h

1.E+03 A

1.E+00 T T T T
25 30

Fig. 2. The relationship between the internal pressure and the failure time for steel 1Kh13N16B with
E, A,and O0: (1) £=08,(2) A+0+E&.

Figures 3 and 4 (steel 20) manifest a low failure time at high internal pressure
compared with steel 1IKh13N16B at the same pressure, while a steel Kh18N10T
have a very low failure time at the same internal pressure (Figs. 5 and 6). This is
because the material has lower material proprieties and the pipes have larger
parameters. The failure time increases by 140% for steel 20, while it increases by
21% for steel Kh18N10T at the same internal pressure, when the pipe is subjected
to axial load and bending moment.
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1.E+06

1.E+04

trr> h

1.E+02 A

1.E+00

5 10 15 . MPa 20 25 30
Fig. 3. The relationship between the internal pressure and the failure time for steel 20 with A and 9.
(Here and in Figs. 5, 7, and 9: solid and dashed lines practically coincide.)

1.E+09

1.E+06

trr» h

1.E+03 4

1.E+00

Fig. 4. The relationship between the internal pressure and the failure time for steel 20 with &, A, and o:
(1) E=20,(2) A+0+&

100

0.1 ‘ ‘ ‘ :
5 10 15 20 25 30
p, MPa

Fig. 5. The relationship between the internal pressure and the failure time for steel Kh18N10T with 4
and oO: (1) A =115,(2) 0 =5.75.

Steel 1Kh18NIT at 800 and 700°C (Figs. 7-10) manifests a high failure time
with the same internal pressure, as compared to Figs. 1-6. The failure time for steel
IKh18NIT at 800°C (Fig. 8) is very low compared with steel 1Kh18N9T 700°C
(Fig. 10) at the same internal pressure. Steel 1Kh18N9T at 800°C manifests a very
low failure time at high internal pressure (more than 2 MPa). The values of B, m,
A, 0,and & used in the calculation are summarized in Table 1.

Noteworthy is that, as follows from the structures of the equations derived
Egs. (29), (30), (32), and (33), the time to failure increases with decrease in
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0.01

Fig. 6. The relationship between the internal pressure and the failure time for steel Kh18N10T with &,
A,and O: (1) §=15,(2) A+0+&.

1.6E+06

8.0E+05 A

trr, h

4.0E+05 -

—3=10.0
1.0E+05 T T T

0.01 0.02 0.03 0.04 0.05
p, MPa

Fig. 7. The relationship between the internal pressure and the failure time for steel 1Kh18NOT
(800°C) with A and 6: (/) A =20.5, (2) 0 =10.0.

2.0E+06

1.5E+06

=
1.0E+06

~
&=

5.0E+05

1.0E+05 ‘ ‘ :
0.01 0.02 0.03 0.04 0.05
p, MPa

Fig. 8. The relationship between the internal pressure and the failure time for steel 1Kh18NOT
(800°C) with &, 4, and o: (/) § =165, (2) A++&.

thickness ratio A and increase in the parameters ¢ and &, which specify the
effects of the additional tensile force and bending moment.

Conclusions. The delayed-failure models constructed have allowed us to
calculate the time to failure for thin-walled pipes under internal pressure combined
with axial load and bending moment. There is a good agreement between the
results of the present work in calculating the failure time and those obtained by
Golub et al. [2]. We propose mathematical models that can be used to calculate the
failure time for any rectilinear thin-walled pipes under internal pressure combined
with axial load and bending moment. Results for failure time of pipes produced
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1.E+06

1.E+04 1

trr> h

1.E+02 4

1.E+00 ; ; ; ;
5 10 15 20 25 30
p, MPa

Fig. 9. The relationship between the internal pressure and the failure time for steel 1Kh18N9T
(700°C) with 4 and o: (1) A =715, (2) 6 =3.5.

1.E+06

1.E+04

tpr> h

1.E+02

1.E+00

p, MPa

Fig. 10. The relationship between the internal pressure and the failure time for steel 1Kh18N9T
(700°C) with &, A, and 0: (1) §=109, (2) A+0+&.

from various steels are presented and compared with those results which are
calculated using the analysis of Golub et al. [2]. In this paper, the equivalent
stresses are used in the form of a mixed delayed-failure criterion relating the
maximum normal stress and the intensity of tangential stresses and containing one
material constant. The failure criterion chosen has been tested for a plane stress
state with principal stresses of like sign. The present work can be applied to any
material and thin-walled pipe of different dimensions, which makes the analysis a
basic step for computer-aided creep failure analysis.

Pe3zome

BukoHaHO pO3paxyHOK OBTOBIYHOCTI 32 YMOB ITOB3YYOCTi JJISi MPSIMOIHIHHAX
TOHKOCTIHHUX TpPYyO, 110 3a3HAIOTh CIUILHOTO HABAHTAXKEHHS BHYTPIIIHIM THCKOM,
PO3TSHKHOIO CHJIOKO 1 3TMHAILHUM MOMEHTOM. PO3paxyHOK Yacy J0 pyWHYBaHHS
IpU TOB3YyYOCTi NMPOBOAMIM 3 BHUKOPHCTaHHSM CKBIBJICHTHUX HAaIpy)KeHb, SIKi
BU3HAYAIOTHCS 3T1IHO 31 3MILIAHUM KPUTEpiEM “BiIKJIAACHOTO PYyHHYBaHHS, 3B’s-
3YIOUMM MaKCHMaJbHI HOpMaJibHI HAIPY>KEHHS 3 iHTCHCHUBHICTIO TaHTEHITIaThHUX
HanpyxeHb. OTpUMaHi PO3paxyHKOBI pe3ylbTaTH 100pe Y3roKyIOThCS 3 JaHUMH,
HaBEJCHWMH B JIITEPATypPHUX JpKepenax A TpyO, M0 3a3HAIOTh KOMOIHOBAHOTO
HABaHTaKEHHS. 3alpOIOHOBAHMN TMiAXiJ JIO03BOJSE PO3paxyBaTH 4ac JI0 PYHHY-
BaHHSI IIPU MOB3YYOCT1 /I TOHKOCTIHHUX TPYO, 11O 3a3HAIOThH CHUIBHOIO HaBaHTa-
JKEHHSI BHYTPIIIHIM THCKOM, PO3TSHKHOIO CHJIOKO 1 3THHAJILHIUM MOMEHTOM.
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