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Expert analysis of the reliability and performance of welded pipelines with detected corrosion-erosion damage under 
ultra-low-cycle loading requires taking into account several interrelated physicomechanical phenomena, which deter-
mine the limiting state of a specific structure. For this purpose, integrated numerical procedure was developed in this 
study for finite-element assessment of subcritical fracture accumulation and prediction of the limiting state of typical 
pipelines with 3D defects of wall thinning. The ductile mechanism of subcritical fracture was considered as the main 
one. Moreover, material hardening and softening at plastic deformation (strain hardening, Bauschinger effect) was 
taken into account. This integrated approach allowed revealing the main regularities of failure of a typical pipeline 
element, depending on external loading. 14 Ref., 7 Figures.
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Numerical assessment of residual strength of pipeline 
elements (PE) with detected corrosion-erosion losses 
of metal is a characteristic problem at expert analysis 
of the reliability of various industrial systems. A gen-
erally accepted approach to solution of this problem is 
evaluation of the limiting state of a specific structure at 
nominal service load. As the majority of pipelines are 
welded, the impact of the residual stress-strain state 
(SSS) should be taken into account, if metal losses 
are in the welding zone. This problem is well studied 
for static loading (for instance, by internal pressure) 
[1‒3], whereas for cyclic force impact the spatial in-
homogeneity and interrelation of physicomechanical 
processes, which cause subcritical damage and fail-
ure of material, require a considerable conservatism 
of the respective analytical methods. In particular, 
ultra-low-cycle fatigue differs by considerable plastic 
flow of the material that requires taking into account 
its strain hardening, softening by Bauschinger effect 
and initiation of ductile fracture pores [4]. Presence of 
the welded joint and local geometrical anomalies of 
the structure (service defects of corrosion-erosion loss 
of metal) determines the features of the stress-strain 
state of pipeline elements under the impact of internal 
pressure and/or bending moment and influences the 
fracture resistance.

In this work the characteristic features of sub-
critical damage accumulation and limiting state of 
welded pipelines with corrosion-erosion metal loss at 

ultra-low-cycle loading were studied on the base of 
finite-element prediction.

Mathematical model of the kinetics of welded 
PE state under the impact of static and cyclic load-
ing. Limiting state of corroded (eroded) PE depends 
on a range of physicomechanical processes, initiated 
by operational and technology impact. In the case of 
a significant deformation under cyclic loading (for in-
stance, earthquake, landslide, overload, stability loss, 
etc.) the limiting state of the pipeline is determined 
by development of plastic strains and respective ac-
cumulation of subcritical damage right up to initiation 
of a macrodefect. Local metal losses and respective 
mechanical stress raisers lead to a certain lowering of 
PE load-carrying capacity under pressure. Their ad-
missibility is determined by the respective standard 
norms for design operation conditions. However, ul-
tra-low-cycle loading (number of cycles from 10 to 
100) leads to extraordinary modes of pipeline opera-
tion that complicates expert analysis of their compli-
ance with design requirements. The main complex-
ity consists in the nonlinear reaction of the material 
to cyclic plastic deformation and development of its 
properties. Thus, alongside the characteristic strain 
hardening two possible mechanisms of material soft-
ening can be singled out: Bauschinger effect due to 
a change in plastic strain direction and accumulation 
of ductile fracture porosity with concurrent reduction 
of the load-carrying net cross-section of the structure 
[5]. Presence of welds causes spatial heterogeneity of 

O.V. Makhnenko — https://orcid.org/0000-0002-8583-0163, O.S. Milenin — https://orcid.org/0000-0002-9465-7710

© O.V. Makhnenko, O.S. Milenin, O.A. Velykoivanenko, G.P. Rozynka and N.I. Pivtorak, 2021



30 ISSN 0957-798X THE PATON WELDING JOURNAL, No. 1, 2021

MMITWRP

                                                                                                            

                                                                                                                                                                                                    

SSS and complex interaction of operational and resid-
ual stresses. This should be also taken into account, 
particularly in the case of close proximity of metal 
loss area and weld.

In the absence of sharp-angled geometrical stress 
raisers, the prevailing mechanism of violation of ma-
terial integrity is ductile failure, which consists in ini-
tiation of uniformly distributed pores [6]. In order to 
predict their initiation at plastic flow of material in 
nonisothermal cases, it is proposed to use the defor-
mation criterion, in keeping with which initial poros-
ity with bulk concentration f0 appears in a certain vol-
ume of metal at fulfillment of the following condition:
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i ij ijε = ε ε  is the intensity of plastic 

strain increment; εc(T) is the critical value of plastic 
strains; i, j = r, β, z are the coordinates in the cylindri-
cal system of coordinates (Figure 1).

Further increase of the concentration of ductile 
fracture pores during plastic deformation of metal, in 
particular, at static or cyclic loading in service, corre-
sponds to Rice‒Tracey law [7]:
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Mathematical treatment of the joint problem of 
temperature field kinetics in welding, SSS develop-
ment and micropore formation is based on finite-el-
ement description using eight-node finite elements 
(FE). Increment of strain tensor was presented as a 
sum of the respective components [8]:
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where d e
ijε , d p

ijε , dij Tδ ε , d 3ij fδ  are the components 
of increment of strain tensor due to elastic deforma-
tion mechanism, deformations of instantaneous plas-
ticity, kinetics of heterogeneous temperature field and 
porosity, respectively.

Proceeding from the above-said, the strain tensor 
increments can be represented in the form of super-
position of increments of the respective components:
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where «*» symbol refers the respective variable to the 
previous tracing step; Ψ is the material state function, 
which determines the plastic flow conditions according 
to Mises criterion, additionally taking into account the 
reduction of the load-carrying net cross-section of the fi-
nite element as a result of discontinuity formation within 
Gurson‒Tvergaarten‒Needleman model [9]:
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Determination of Ψ function is performed by itera-
tion at each step of numerical tracing (by time or load 
increment) within the finite-element solution of the 
boundary problem of nonstationary thermoplasticity 
that allows solving the nonlinearity problem by the ma-
terial plastic flow, allowing for its subcritical damage 
[10]. The main difficulty in modeling the cyclic loading 
consists in that small changes in the state of metal in 
one loading cycle, namely accumulation and increase of 
subcritical damage, cause a change in the yield surface 
and a respective change of plastic deformation loop. 
However, at each loading step it is necessary to deter-
mine the equilibrium state of damage and the respec-
tive distribution of stresses and strains. For this purpose, 
proceeding for the assumption that the stationary state 
is characterized by a negligibly small rate of increase of 
ductile fracture pore volume, it is proposed to conduct 
the following iteration process by Ψk function:
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Figure 1. Scheme of a section of defective pipeline in the cylin-
drical system of coordinates
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where F is the system of external force loads acting 
on the structure; dF is the increment of force loads 
during numerical tracing; K1, K2 are the constants.

Strain hardening of the metal affects the shape of 
Mises yield surface, which, depending on the intensi-
ty of the accumulated plastic strains, is usually con-
sidered in the following form [11]:
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where c1 = 2.149∙10‒3; c2 = 9.112∙10‒2; ε0 = 1.540∙10‒4, 
m = 0.14 are the constants; dot above a variable de-
notes time differentiation.

If it is necessary to take into account the change of 
plastic deformation direction (for instance, at variable 
static loading that causes an alternating cycle of plas-
tic deformation), a model of kinetic strengthening of 
the material was used in the following form [12]:
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where ( )T f′ ′σ  is the current true yield strength of the 
damaged material in keeping with (9); M, ε0 are the 
material constants; X  is the shear tensor:

 

( ) ( )
( )( )

0

0exp .

sign sign

sign

p p

p p p

C CX X = ε + − ε × γ γ 
 × − ε ε − ε   

(9)

Proceeding from a specific value of Ψ function, the 
strain field at each loading stage is determined from 
(5), taking into account σs(T, εp) dependence. The 
components of stress tensor satisfy the statics equa-
tion for internal FE and boundary conditions for sur-
face FE. In their turn, the components of ΔUi = (ΔU, 
ΔV, ΔW) vector satisfy the respective conditions on 
the boundary. The solved system of equations in vari-
ables of the vector of displacement increments in FE 
nodes is determined at each step of tracing and itera-
tions by Ψ(Ψk) by minimizing the following function-
al [13]:
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where 
V
∑  is the operator of the sum of inner FE; 

PS
∑  

is the operator of the sum of surface FE, on which the 
components of force vector Fi are assigned.

A criterion for initiation of macrodefectiveness of 
PE material, is fulfillment of one of the three fracture 
conditions [14]:
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where εf is the ultimate strain which, in the general 
case, depends on the stressed state rigidity; SK is the 
microcleavage stress; q1, q2 are the constants.

If the above-mentioned process of loss of FE 
load-carrying capacity proceeds at this loading stage, 
covering an ever greater number of neighbouring FE, 
and does not allow moving to the next loading step 
then this step determines the boundary loading of 
«spontaneous failure».

Results and discussion. As was noted above, 
residual SSS in the weld area, kinematic hardening 
and ductile fracture affect the limiting state of the 
effective PE at ultra-low-cycle loading by internal 
pressure and bending moment. One of the main prob-
lems, which were to be solved using the developed 
numerical approach, is determination of the influence 
of these interrelated phenomena on the load-carrying 
capacity of a specific welded structure. Considered 
for this purpose, was a characteristic example of PE 
of D×t = 315×10 mm size from stainless steel 316L 
(E = 193 GPa, v = 0.3, σT = 170 MPa) with local ero-
sion loss of metal of a semi-elliptical shape on the 
pipe inner surface (2s×2u×δ = 40×20×5 mm). Exam-
ples of stress distribution over the pipe cross-section 
after welding and under the working conditions are 
given in Figure 2.

Figure 3, a shows the dependencies of local stress-
es σββ on strain εββ near the internal defect of erosion 
thinning, taking and not taking into account plas-
tic damage of the material caused by internal pres-
sure P = 10 MPa and bending moment M from –85 
to 85 kN (that corresponds to the range of maximum 
axial stress range from ‒120 to 120 MPa). As one can 
see, accumulation of ductile fracture porosity at plas-
tic deformation of the steel pipe leads to displacement 
of stress hysteresis loops to higher strains through 
softening of porous materials and reduction of the 
load-carrying structure cross-section.
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The intensity of plastic damage accumulation at 
ultra-low-cycle loading (i.e the rate of increase of po-
rosity volume concentration f per cycle number N) has 
three main stages: plastic strain prior to plastic dam-
age initiation; porosity initiation and redistribution 
of strain and stress fields; stable increase of plastic 
strains and concentration of porosity volume up to the 
limiting state. The first two stages correspond to static 
loading and proceed in the first cycles, while the third 
stage is related to fatigue fracture of plastically de-
formed material. Figure 3, b shows the results of nu-
merical evaluation of plastic damage accumulation for 
the considered case of eroded PE at the stable growth 
stage. As one can see, porosity concentration f rises 
quasilinearly, starting from the second loading cycle 
by the bending moment at the same internal pressure 
P. It means that increase rate f depends mainly on the 

Figure 2. Calculated distributions of intensity of stresses σi in the 
pipeline (D×t = 315×10 mm, 316L stainless steel): a — residual 
state in the area of a circumferential site weld; b — with internal 
erosion defect (2s×2u×δ = 40×20×5 mm) at working pressure P = 
= 8.0 MPa

Figure 3. Dependencies of stresses σββ on stains εββ near an internal defect of erosion wall thinning (2s×2u×δ = 40×20×5 mm) of pipe-
line element (D×t = 315×10 mm, 316L stainless steel), taking and not taking into account the material damage by the ductile mecha-
nism (internal pressure P = 10 MPa and bending moment M = ‒85–85 kN∙m) (a) and of maximum volume concentration of pores f on 
cycle number N (b)

Figure 4. Impact of alternating internal pressure on the kinetics of stress-strain state of defective welded PE (D×t = 315×10 mm, 
316L stainless steel): (а) — 2s×2u×δ = 40×20×5 mm, P = ‒20÷20 MPa, М = 0 kN∙m (●), P = ‒30‒30 MPa, М = 0 kN∙m (▲), P = 
= –40‒40 MPa, М = 0 kN∙m (■); (b) — P = –40‒40 MPa, М = 0 kN∙m, 2s×2u×δ = 40×20×4 mm (●), 2s×2u×δ = 40×20×5 mm (■), 
2s×2u×δ = 40×20×6 mm (▲)
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applied range of bending loading, and not on the path 
of plastic (or general) deformation.

It should be noted that in the case of impact of 
solely pressure varying by a symmetrical cycle (for 
instance, in the case of underwater pipelines or com-
plex pressure vessels – carrier rocket tanks, exposed 
to both internal and external pressure), the dependence 
of current stresses on strains in the characteristic area 
of stress raiser of PE with wall thinning defect, has 
the classical form of a closed hysteresis loop (Fig-
ure 4). The size and shape of the loop in such a case 
depend on the range of pressure values, as well as on 
the defect size. It means that performance limitation 
in such a case is due solely to accumulation of subcrit-
ical damage by the ductile mechanism, which causes 
gradual destruction of the material and it reaching the 
limiting state. At loading cycle asymmetry, the inten-
sities of the positive and negative plastic strains are 
not balanced that causes gradual displacement of the 
hysteresis loop along the strain axis (Figure 5). For the 

mentioned case it is attributable for greater influence 
of strain hardening, compared to Bauschinger effect.

For practically important cases, such an asym-
metry of the cycle is characteristic of pipelines un-
der pressure, which are additionally cyclically loaded 
by an alternating bending moment. Here, a constant 
component, which is proportional to internal pressure, 
is added to bending longitudinal stresses and strains 
proper, which typically change by a symmetrical cy-
cle, in keeping with the solution of Lame problem. 
Therefore, it is to be expected that at unchanged cycle 
of loading by bending moment, increase of internal 
pressure will have a significant negative impact on the 
load-carrying capacity of a defective pipeline for the 
reason of a considerable displacement of the hystere-
sis loop of the stress-strain state. This is confirmed by 
calculation results given in Figure 6.

A characteristic feature of the field of bulk concen-
tration of subcritical damage f in the cross-section of 
a defective pipeline, that is under the impact of both 

Figure 5. Features of the impact of asymmetry of the cycle of PE ((D×t = 315×10 mm, 316L stainless steel) loading by internal pres-
sure on the kinetics of plastic strain accumulation: а — P = –15‒35 MPa, М = 0 kN∙m; b — P = –20‒40 MPa, М = 0 kN∙m; c — P = 
= –25‒45 MPa, М = 0 kN∙m

Figure 6. Kinetics of stress-strain state of defective welded PE ((D×t = 315×10 mm, 316L stainless steel) under the impact of cyclic 
loading by bending moment: а — P = 10 MPa, М = –70‒70 kN∙m; b — P = 8 MPa, М = –70‒70 kN∙m
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internal pressure and alternating bending moment, is 
a sufficiently narrow area of maximum pore concen-
tration in the current and limiting state of the structure 
(Figure 7). This is attributable to the fact that depend-
ing on deformation direction under cyclic loading 
conditions, the maximum and minimum stresses form 
alternatively on different surfaces of the pipe in the 
geometrical stress raiser area.

Conclusions

1. Mathematical models of the stress-strain and dam-
age state of pipeline elements with detected defects 
of local wall thinning at ultra-low-cycle loading were 
constructed. In order to adequately take into account 
the nonlinearity of material properties at cyclic plastic 
deformation (Bauschinger effect) and ductile fracture 
accumulation, an appropriate description of the sur-
face of plastic flow of the material within the concep-
tual model of elasto-plastic continuum was proposed.

2. A characteristic example of a welded pipeline 
element (D×t=315×10 mm, 316L stainless steel) with 
detected internal defect of erosion thinning of the wall 
was used to show the features of stress-strain kinet-
ics under the conditions of loading by cyclic internal 
pressure and bending moment. An essential impact 
of loading cycle asymmetry on plastic damage accu-
mulation is shown: violation of the balance between 
strain hardening and softening by Bauschinger effect 
causes a gradual displacement of the stress-strain 
state loop.

3. It is shown that accumulation of plastic strains 
during alternating cyclic loading causes initiation and 
growth of ductile fracture pores in the area of a de-
fect of local wall thinning with formation of a rather 
narrow area of maximum pore concentration. This is 
caused by the fact that under the conditions of cyclic 
loading the maximum and minimum stresses form at 
different surfaces of the pipe in the area of the geo-
metrical stress raiser (depending on the cycle).
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Figure 7. Distribution of plastic strain intensity (a) and concen-
tration of ductile fracture pores (b) in the cross-section of pipeline 
element (D×t = 315×10 mm, 316L stainless steel) with internal 
wall thinning (2s×2u×δ = 40×20×5 mm) in the limiting state at 
internal pressure P = 8 MPa and cyclic bending moment M = 
= ‒85–85 kN∙m)


