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ABSTRACT 
The creep failure time is calculated for rectilinear thin-walled pipes subjected to combined internal 
pressure and both of tension and bending. The calculating of the failure time is given using the 
concept of equivalents stresses. The equivalent stresses are found from the mixed delayed-failure 
criterion relating the maximum normal stress and the intensity of tangent stresses. The obtained 
results were compared with the results obtained by Golub et al. (2004) [2] for pipes under only 
couple stresses. The present work can be used to calculate the time to creep failure of thin-walled 
pipes under internal pressure in combination with axial load and binding. 
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1. INTRODUCTION 
Elements of steam and gas turbines, jet engines, 
steam boilers, rockets, oil and gas processing plants 
are widely used of thin-walled pipes. These elements 
could subject to creep; therefore the creep analysis is 
a great interested field [I]. The time to failure t~1. of a 
thin-walled pipe under internal pressure (p) and both 
of axial force (N) and bending moment @AB) is the 
objective ofthis paper. 
In [2], [3] and [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 two-parameter linear 
interpolation relating two stress invariants that 
represent ductile and brittle fiacture and accounting 
for the signs of the principal stresses. However, 
Golub et al. 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 done by [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 Hofier et al. [7]. Whereas, Cole and Bhadeshia [XI 
tried to estimate of the creep rupture strength ofheat 
resistant steels and welding. 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 is carried out 
by [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. 
Tmga et al. [lo] are 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. 
[I I] are proposed a simple stress controlled fatigue- 
creep damage evolution model, based on the ductility 
dissipation theozy and effective stress concept of 
continuum damage mechanism and damage constants 
can he 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 [I21 
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 initial values to a subsequent 
fitting of creep data based on non-linear and iterative 
methods by Rieiro et al. [13]. Kachanov 1141 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 is proposed by Zharkova and 
Botvina [15]; it is based on the approach of a phase 
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transition theory and the similarity of fixture 
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 

2. ANALYSIS 
This paper is interested in thi-walled pipe under 
internal pressure and axial load as well as under 
bending. 
2.1 The Failure of Thin-Walled Pipes under 

Internal Pressure (Golub et al. analysis 121) 
2.1 1 Failure under internal pressure 
Golub et al. [2] have derived a formula to evaluate 
the creep time for pipes under internal pressure only. 

m e r e  a, D" 
2h 

The material constant a is 

2.1.2 Failure under internal pressure and axial 
load 

For a rectilinear thin-walled pipe under internal 
pressure p and axial tensile force N, the equilibrimn 
conditions for the pipe yield 

a Casea 65- 
2 

N PD,,, For -5- 
d , h  4h 

The creep time is given as 

Where = S 
d,"hP 

a Caseb J > -  

2 
The equilibrium conditions for the pipe yield 

N PD," For ->- 
@,h 4h 

The formula for creep t ,he  is: 

L 

(10) 
and 

2.1.3 Failure under internal pressure and Bending 
For a rectilinear thin-walled pipe under internal 
pressure p and bending moment MB, the equilibrium 
conditions for the pipe yield 

A Case a f I - 
2  

2M PD, For B<_ 
d : h -  4h 

And the creep time is given as 

x Caseb gr-  
2 

The equilibrium condition 

The creep time is 
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2.2. Formulation of the Problem and the Initial 
Relations (The Present Work) 

Consider a long rectilinear thin-walled pipe of 
circular cross section under creep conditions. Denote 
the diameter of the median surface by Dm and wall 
thickness, which is constant, by h. It is assumed that 
2h<<D,. 
The pipe is subjected to internal pressure p in 
combination with axial tensile force N and bending 
moment MB. 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 ~ R T  of the 
pipe is found using the approach Golub et al. (2004) 
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 arbitraty stress and the failure of a cylindrical 
specimen under uniaxial tension. Therefore 

Where tR and a, are the time to failure and failure 
stress of smooth cylindrical specimens under uniaxial 
tension; aeq, is the equivalent stress; B and m are 
material constants determined fkom 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, then the values of B and m are 
calculated for each section ofthe curve. 
The combination of internal pressure, tension, and 
bending induces plane stress in thh-walled pipes. A 
mixed delayed-failure criterion in the form Golub et 
al. (2003). 

i ann,.,,+(i-ah, . for u , > u 2 > 0 ,  o j = O  

ncq,. = Zpr,,+(l-p)r, for u ,>0 ,u2=0 ,  o ,<0  

(20) 
can be used as equivalent stress at,, .This criterion 
accounts for the signs of the principal stresses and 
relates the maximum normal stress a,n;.,, , 

*m, = *I (21) 
the intensity of tangential stresses, 

the double maximum tangential stress ZT,,,, , 
21- = aI - c2 (23) 

and the octahedral tangential stress .r.,, , 

where a, and a, are the principal normal stresses (al 
> a2 ); and a and are experimentally determined 
material constants reflecting the effect ofthe mode of 
plane stress (a2 is any nonzero second principal 
stress). When thin-walled pipes are subjected to 
internal pressure in combination with both tension 
and bending, the signs of the principal stresses 
coincide. Substituting the first relation in (20) into 
Eq. (19) and taking (21) and (22) into account, we 
obtain an equation for the time to failure in terms of 
principal stresses 

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

2.2.1 Failure under internal pressure, tension and 
bending 
Consider a rectilinear th'm-walled pipe with end 
plates under internal pressure p and both axial load N 
and bending moment Mg .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 

Where a, is the hoop stress, is 4 the axial stress, and 
4 is the radial stress, while; 

". 

N 2MB *pD, For -+- 
f ld) ,h d i h  4h 

a Case 6+{5-<.- 
2 

Substituting Eq. (26) into Eq. (25) yields the time to 
failure 6 + < 5  /2/2 
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where h, 6 and 6 are a dimensionless parameter, a measure of variation in the stress state of the thin-walled pipe 
under internal pressure and both axial load and bending (Eqs. (3), (7) and (15) respectively). 
The material constant a in Eqs, (28) and (29) is determined kom the relation in Golub et al. [3]. 

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

Substituting Eq. (27) into Eq. (25) yields the time to failure 8 + 6 2 A12 

The material constant a is determined kom Golub et 
al. . 

. - . . 
(33) 

where the notation is the same as in (30) and (32) 
Substitute in Eq. (29) with 6=0 and 6 = 0 (i.e. pipe is 
under internal pressure only) yields to the same eq. 
(2). Otherwise substitute in Eq. (29) with 6=0 yields 
the same Eq.(13), while substituting with 5 = 0 yields 
Eq.(6). Also substitute in Eq. (30) with 6 = 0 and 5 = 
0 yield also the same eq. (4). While substituting in 
Eq. (30) with 5 = 0 yields to the same Eq.(8) and 
substituting with 6=0 yields the same Eq. (14) (i. e. 
the same work of Golub et al. [21). 

Substitute in Eq. (32) with 6=0 yields the s h e  Eq. 
(17), while substituting with 5 = 0 yields Eq. (10). 
While substituting in Eq. (33) with 5 = 0 yields to the 
same Eq. (1 1) and substituting with 6=0 yields the 
same Eq. (18) (i. e. agreement with Goluh et al. [2]). 
The critical state between case a and h is when 

;t 6 + 5 = - , substitute with this value in Eqs. (29) 
2 

and (32) yields the same following equation 

Which give a good impression to the calculation. 
a .  While substituting with 6+ { = - m Eqs. (30) and 
2 

(33) yields the same following equation for a 
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This agreement is also good for the calculation. 

3. RESULTS AND DISCUSSION 
The time to creep failure of thin-walled pipes under 
internal pressure combined with both axial load and 
bendmg is introduced in the previous section. These 
analytical are concerned with long rectilinear thin- 
walled pipe in order to predict the time failure of the 
pipe according to the parameters of the stress state as 
well as the internal pressure of the pipe. 
The results are given in Figs. 1-10. Figs. 1 and 2 
show the results obtained for internal pressure versus 
failure time for Steel II(h13N16B. For Steel 
lKh13N16B (Figs. 1 and 2) there is a slightly 
increase in failure time with S =2.5 and 6 = 0.8 
comparing with the case when 6=5=0. While a 
noticeable increase in failure time (77%) when pipes 
under internal pressure are stressed in combined with 
both axial load and bending (Fig. 2). The values of B, 
m, h, 6 and 5 used in the calculation are summarized 
in Table 1. 
Figs. 3 and 4 (steel 20) incur a low failure time at 
high internal pressure compared with Steel 
II(h13N16B at the same pressure. While a Steel 
Khl8NIOT incur a very low failure time at the same 
internal pressure (Figs. 5 and 6). This is because the 
material has low materials proprieties and the pipes 
have large parameters. The failure time increasing by 
140% for St20 while it increased by 21% for Steel 
KhlXNlOT at the same internal pressure, when the 
pipe stressed by both of axial load and bending 
moment. 
Steel IKh18N9T (800°C and 700°C) Figs. 7-10, incur 
a high failure time with the same internal pressure in 
compared with Figs. 1-6. The failure time for Steel 
II(hlSN9T at 800°C (Fig. 8) are very low compared 
with Steel 1Kh18N9T 700°C (Fig. 10) at the same 
internal pressure (Steel 11U118N9T at 800°C 
introduce a very low failure time at high internal 
pressure, more than 2MPa). The values of B, m, h, 6 
and 5 used in the calculation are summarized in Table 
1. 
It should also be noted that, as follows from the 
structures of the equations derived Eqs.29,30,32 and 
33, the time to failure increases with decrease in 
thickness ratio h and increase in the parameters 6 and 
5. which specify the effects of the additional tensile 
force and bending moment. 

4. CONCLUSION 
The delayed-failure models construoted have allowed 
us to calculate the time to failure for thin-walled 
pipes under internal pressure in combination with 

both axial load and bending. There are good 
agreements between the results of the present work in 
calculating the failure time and the results in Golub et 
al. [2]. This work presents mathematical models that 
can be used to calculate the failure time for any 
rectilinear thin-walled pipes under internal pressure 
combined with both axial load and bendimg. Results 
for failure time of pipes which &e made of different 
type of steels are praented and compared with the 
results which are calculated using the analysis of 
Golub et al. [2]. In this paper, the equivalent stresses 
are used in the form of 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 could be 
applied to any material and any thin-walled tube with 
different dimensions which makes the analysis a 
basic step for computer aided creep failure, 
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5 10 15 20 25 30 
p MPa 

Fig. 1- The relationship between the internal pressure and the failure time for Steel 1Kh13N16B with h and 6 
shown in Table 1. 

Table 1 The used materials (Golub et al. [2]) 

5 10 20 25. 30 
'5 pMPa 

Fig. 2 The relationship between the internal pressure and the failure time for Steel lI(h13N16B with and h, 6,5  
shown in Table 1. 

Material 

Steel Kh 18N I OT 

Steel lKh13N16B 

Steel 1Kh18N9T 

Steel St20 
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OC 

850 

700 

800 

700 

500 

B, MPamm K' 

2.71.10~~ 

1.08.10"~ 

3.396.10-'~ 

15.67.1 0'16 

3.117.10-'~ 

m 

3 .04 

4.95 

15.41 

6.23 

6.58 

h 

11.50 

4.10 

20.50 

7.15 

9.60 

5 
1.5 

0.8 

1.65 

0.9 

2.0 

6 

5.75 

2.5 

10.0 

r.5 

9.5 

a 

0.843 

0.19 

* .9126 

0.8596 

0.1619 
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Fig. 3 The relai tionship between the intemal pressure and the failure time for Steel St20 jvi 
Table 1. 

1 .E+09 
St20 

th h and 6 shown in 

5 10 " 20 25 30 
p MPa 

Fig. 4 The relationship between the intemal pressure and the failure time for Steel St20 with 5 and A, 6, shown 
in Table 1. 

100 
Steel Khl8NlOT 
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Fig. 5 The relationship between the internal pressure and the failure time for steel KhlSNlOT with h and 6 
shown in Table 1. 

100 7 

Steel Khl8NlOT 

0.1 - 

0.01 

- - c=1.5 - A t M T  

5 10 15 p MPa 20 25 30 

Fig. 6 The relationship between the internal pressure and the failure time for Steel Khl8NlOT with 5 and 5 6,5 
shown in Table 1. 
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1.6E+36 
Steel 1 Khl8N9T, 800 "C 

0.01 0.02 0.04 0.05 
p Od%a 

Fig. 7 The relationship between the internal pressure and the failure time for Steel 1Kh18N9T (800 "C) with h 
and 6 shown in Table 1. . 

Steel 1 Khl8N9T, 800 "C 

1.5E+36 - 

2 --*-". 
+ 1 .OE+36 - +*- -" 

& 

Fig. 8 

0.01 0.02 0.03 0.04 0.05 
p MPa 

The relationship between the internal pressure and the failure time for Steel 1Kh18N9T 
and h, 6,5 shown in Table 1. 

1 .E+06 

S h l  IKhISNgT, 700 "C 

(800 "C) with 5 

5 10 15 20 25 30 

p MPa 

Fig. 9 The relationship between the internal pressure and the failure time for Steel lKh18N9T (700 OC) with h 
i d  S shown in Table 1. 

Steel lKh18N9T. 700 O C  

5 10 15 20 25 30 

p MPa 
Fig. 10 The relationship between the internal pressure and the failure time for Steel 1Kh18N9T (700 OC) with 5 

and h,6,5 shown in Table 1. 
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