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In recent years, technological disasters of pipelines 
characterized the industrialized world, as evidenced by 
the global experience of pipeline systems operation. 
Thus, in Alberta (Canada) a brittle failure of the gas 
pipeline at a speed of crack propagation 100...300 m/s 
took place in 2001 due to corrosion damage of the 
welding joint and the weld proximity. This resulted in a 
pipe fracture in a 100 m lot and forming of an earthen 
crater with the diameter of 90 meters and the depth of  

8 m. Losses from the accident amounted to several 
million dollars. Pipeline transport accidents of similar 
nature and with no less losses occurred not long ago in 
USA [1], Canada [2], Russia [3], Ukraine [4] and other 
countries of Europe, Asia, Africa, etc.  

The above examples illustrate the urgent problem 
of prevention a catastrophic failure of critical long-term 
operation facilities, such as oil and gas pipelines. The 
analysis of accident damages on the pipeline transport 
shows that there are changed mechanical properties of 
steels under the long-term operation of pipelines 
influenced by the cyclic loads [5], corrosive 
environments [6], and the running temperatures 
variation [7]. This leads to brittle fracture with the 
design loads, even without any visible signs of damage 
[8].  
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Abstract 

 
The article propounds the evaluation method of further life time of long-term used pipelines based on the definition of their 

safety coefficients with regard to the changes in geometry of crack-like defects and relaxed residual stresses. There are examined 
welding joints of pipe sections with the existing chisel-shaped defects that are modeled by external axial surface cracks. On the 
basis of the two-parametric criteria of ductile-brittle failure mechanics there are set criteria ratios of evaluation of their static 
strength. 

There are obtained closed formulas for calculating safety coefficients of pipeline sections with cracks in welded joints 
considering variables along the pipe and beyond its residual stresses thickness. During the research we defined the residual 
stresses and their values averaged over the crack surface for specific pipeline sections with the external axial surface crack in the 
welded joint, calculated the stress intensity factor and informational stress refσ , which characterized the mechanism of ductile 

failure (plastic instability), and identified on this basis the safety coefficients. There are estimated the residual stresses influence 
on the static strength of pipeline section with the surface cracks in the weld and, according to regulatory documents, established 
categorization of their danger. There is made a research of the effect of thermoplastic deformation changes of pipe length and 
thickness on the level and distribution of residual stresses in the areas of circular weld zones of the pipe. The article analyzes the 
change of safety coefficient for different dimension ratios of external axial crack, placed in the weld. 

The research of the actual conditions of pipelines operation, early recognition of actual sizes of chisel-shaped defects and 
calculation of safety coefficients of the MP sections with damages in accordance with the mentioned methodology allows experts 
of the production department to choose the technology and tools for the repair-and-renewal operations beforehand, taking into 
account the mode of transportation and supply of oil and gas to consumers, minimizing the potential risks of accidents. 
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Geometric heterogeneity, especially in the form of 
chisel-shaped defects of slit-shaped type, can 
significantly affect the strength and lifetime of 
pipelines. Therefore, one of the main problems of 
modern technical diagnosis is identification and 
measuring such defects, their shapes and sizes without 
destroying the integrity of the pipe body. To solve this 
problem there were elaborated the appropriate means of 
control based on the results of the research in different 
countries [9]. Complexes for the interiorly tubular 
diagnosing of the defects in the pipe body should be, in 
particular, allocated among them [10]. 

The problems of fracture mechanics of pipeline 
sections with crack-like defects in the weld zones and 
pipe parent metal are widely described in the literature. 
For example, the experts from Karpenko Physico-
Mechanical Institute of the NAS of Ukraine offered a 
computed model [11] of pipe body limit-equilibrium 
state with a crack on triaxial static and cyclic load. 
Accounting of a geometrical nonlinearity in calculating 
the thin-wall elastic pipes with long axial cracks are 
studied in [12]. Analytical approaches for determining 
the local (in the area of defects) and global stress state 
of pipelines generally are described in the monograph 
[13]. However, the analysis of the known studies shows 
that they do not take into account the effect of residual 
stresses in the welded joints on the static strength of 
pipeline sections with crack-like defects. 

 
Criteria relation of static strength evaluation of 

pipelines sections with crack-like defects such as 
cracks in the weld zone. For evaluation the strength of 
the pipeline with such defects as cracks we use the 
Failure Assessment Diagram (FAD), which is a limiting 
curve that defines the limit strength between safe and 
unsafe state of the construction and allows the 
simultaneous analysis of two marginal states – brittle 
and ductile. This diagram is based on two-parametric 
criteria of ductile-brittle failure [14] 

( )r rY f k L k K= −  ,                     (1) 

where 1 1/r cK K K=
 
is a dimensionless stress intensity 

factor (SIF), which characterizes the mechanism of 
brittle failure in the corresponding area along the crack 
periphery; 1cK  is a critical score of the SIF; 

ref /r TL = σ σ
 
is a parameter that defines a mechanism 

of ductile failure (plastic instability) for this crack; k  is 
a permitted safety coefficient that is controlled by 
regulations. 

Function ( )rf k L  is given in literary sources
 
on 

the basis of numerous experimental data for different 
materials and can be represented as [15] 

( ) ( ) ( )2 2 6 61 0.14 0.3 0.7exp 0.65r r rf k L k L k L = − + −
 

,(2) 

for max
r rL L≤  and ( ) 0rf k L =  for max

r rL L> , where 
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2
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r
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L
σ + σ

=
σ

 for most pipe steels, Bσ  is the material 

limit strength in the crack zone.  

It is also recommended to build the failure 
assessment diagram (FAD) in the coordinates  rK  and 

ref /r BS = σ σ  ( Bσ  – the limit strength of the material), 

and the function ( )r rK f S= , which characterizes the 

margin line, can be approximated by the following 
formulas: 

1, 0 0.7 / ;

0.211
1 0.7 ,

1 0.7 /

0.7
1;

1, 0 0.3 .

r r T B

T
r r

T B B

T
r

B

r r

K S

K S

S

S K

= ≤ < σ σ
 σ  = − −  − σ σ σ  


σ ≤ <
 σ


= ≤ <

    (3) 

This diagram and the categorization fields of 
defects are shown in Fig. 1. The green color in this 
figure highlights the admissible domain, which is 
obtained by decrease of limitary portion by k  times 
based on the criterion of static strength. The defects are 
divided into three conditional categories depending on 
the level of safety coefficient: minor, dangerous 
(moderate, major) and critical. 

 

 

rS is a dimensionless coefficient that characterizes  

the degree of approximation to the ductile failure;  
Kr  is a dimensionless stress intensity coefficient that 

characterizes the mechanism of a brittle failure;  
σB is a limit strength; σТ is a limit of liquidity;  

k is a permitted safety coefficient 

Figure 1 – The diagram of the failure assessment  
and the field categorization 

 
The SIF 1K  and refσ  are calculated for the state 

of stress that influences the pipe section; according to 
the given factors we calculate the point grid reference 
A , which determines the strength of the pipeline with a 
crack on a two-criteria diagram: 

ref1

1

,    .A A
r r

C B

K
K S

K

σ
= =

σ
                    (4) 

The safety coefficient n  for the given 
computational point A  is graphically calculated by the 
ratio of segments: 
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2OA
n

OA
= ,                                   (5) 

where 2A  is an intercept of the ray ОА with the limit 

curve of FAD. The safety coefficient n  can also be 
calculated analytically by the relationship: 

2A
r
A
r

S
n

S
=    or   

2A
r
A
r

K
n

K
= .                     (6) 

Based on the expressions (3), (5) for calculation a 
safety coefficient n  we obtain the following formulas: 
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1

r

n
S
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Depending on the numerical value of the safety 
coefficient n  according to the regulatory document [14] 
the pipe section with a defect by the criterion of the 
static strength shall be interpreted as: 

operative, and the defect absolutely acceptable if 
n k≥ . The defect is classified as a minor defect (light 
area in Fig.1); 

conditionally inoperative, and the defect is 
conditionally unacceptable if the safety coefficient is 
within 2 /(1+k)k n k≤ ≤ . The defect is classified as a 

dangerous defect. To make a decision on terms of repair 
measures, this category of defects is divided into two 
parts: moderate defect, if 1.1 /B T n kσ σ ≤ ≤  and major 

defect, if 1.1 1.1 /B Tn≤ ≤ σ σ ; 

inoperative, and the defect is absolutely 
unacceptable if 1.1n < . The defect is classified as a 
critical defect. 

Admissible safety coefficient by the criterion of 
the static strength is calculated by the formula [14, 16]: 

0.9 n pk k
k

m
= ,                              (8) 

where nk  is a partial safety coefficient  for material 

strength; pk  is an intended safety coefficient; m  is the 

coefficient of the working conditions. Safety 
coefficients are determined by the SNIP 2.05.06–85 
[16].  

In cases where a crack is in effective area of 
residual stresses, the stress intensity coefficient is 
represented as a sum of: 

1 1 1
H resK K K= + ,                           (9) 

1
HK  is determined by an external loading, and 

1
resK  – by residual stresses. Then, respectively, 

H res
r r rK K K= + .                        (10) 

It should be noted that the residual welding 
stresses almost completely have time to relax before the 
forming of plastic instability and do not affect the value 
of refσ . Consequently, when calculating the parameter 

rS , residual stresses are not recommended to be taken 

into account. Therefore the formulas for calculating the 
safety factor n  (7) are represented in the following 
form 
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1
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1

r

n
S

= ,  0 0.3rK≤ < , 

where r res H
r rK Kς = . 

 
Practical results. Based on the formulas (11) for 

welded pipe joints made of steel 17G1S 
( 510Bσ = MPa, 326Tσ =  MPa) there are made 

numerical computing and assessment of the effect of 
residual stresses on the dependence of the safety 
coefficient n , which corresponds to the summary action 
of the operating and residual stresses,  to the safety 
coefficient pn  without considering the residual stresses 

( )0rς = . The graph in Fig. 2 shows the dependence of 

the coefficients ratio / pn n  of the value of A
rS  for 

different values of rς and the dimensionless SIF 

0.4H
rK = .  

 

 
n  is the safety coefficient that corresponds to the 

summary action of the operating and residual stresses; 

pn  is the safety coefficient without considering residual 

stresses; A
rS  is a dimensionless coefficient that 

characterizes the degree of approximation to the ductile 

failure at point А; r res H
r rK Kς =  is the coefficient that 

takes into account the ratio of SIF from residual 

stresses 1
resK , to the SIF from external loadings1

HK ;  

1 – ςr = 0.2; 2 – 0.4; 3 – 0.6; 4 – 0.8; 5 – 1.0 

Figure 2 – The influence of residual stresses  
on variables / pn n  depending on A

rS  for different 

values rς  
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The analysis of the graphs shows that if the values 
A
rS  rise, the influence of residual stresses decreases, 

and if the values rς  rise, the influence of residual 

stresses increases. 

In case of 0.65A
rS <  the influence of residual 

stresses is seen at 0.2rς = . After high-temperature 

tempering of welding joints, as it is mentioned in works 
[17], unrelaxed residual stresses in the weld zone 
remain at the level of 50–120 MPa, and under 
operational loads  that cause the operating voltage 
stresses of 250–300 MPa, the residual stresses are to be 
taken into account when assessing the fatigue life of 
welding joints. 

 
Evaluation of residual stresses influence on the 

strength of pipe sections with welding joints with 
axial surface cracks in the weld zone. The authors 
studied the evaluation method of the residual stresses 
influence on the strength and the forecasting of residual 
life of gas pipeline with axial surface cracks in the weld 
zone. 

We examine the straight pipeline section 
influenced by the action of internal pressure p  with 

welding joint with the external surface defect in the 
annular field weld modeled by a direct-axis superficial 
semi-elliptically shaped crack with semi-axes a  and c  
in circular cylinder according to the regulations (Fig. 3). 

 

 
a and c are the semi-axes of a semi-elliptically shaped 
crack; t is the pipe thickness; R0 is the outer radius of a 
pipe;  Rb is the internal radius of a pipe; О is the origin 

of coordinates 

Figure 3 – The fourth pipe section with an external 
axial semi-elliptically shaped crack 

 
The position of an arbitrary point on the crack 

periphery is defined by the angle 0 ≤ ϕ ≤ π  (Fig. 4). If 

the angle 0ϕ = , the point on the crack periphery is 

located on the surface, and if /2ϕ = π , the point is 

located on the crack periphery, which corresponds to its 
maximum depth. 

For calculating the stress refσ  the authors use the 

recommendations of the relevant literature. In case 
when a pipeline section with an axial superficial semi-
elliptically shaped crack is under the action of internal 
pressure p, the calculation expression for refσ  can be 

written as 

 
a and c are semi-axes of a semi-elliptically shaped 

crack; х is a direction of axis; ϕ is the angle that defines 
the location of a point on the crack periphery; О is the 

origin of coordinates 

Figure 4 – Geometrical parameters of an axial  
semi-elliptically shaped crack 

 
0.52 2

ref
( ) 9( )

3
b b s mg g Mσ + σ + σ

σ =
[ ]

.      (12) 

Here 
0.75

31 20
2

a
g

c

 
= − α 

 
,  

1

1

a
tt
c

α =
+

,  

 

1 1
1 0.85

1 0.85
s

t

a
M

a t M
t

  = −   
  −

, 

  

  

0.52 4

2 6 4

1.02 0.4411 0.006124

1.0 0.02642 1.533 10
tM −

 + λ + λ=  + λ + ⋅ λ 
,  

 1.818

b

c

R t
λ = ,                             (13) 

bR
 
is the internal radius of pipe; mσ , bσ   are the 

stresses normal to the crack edge membrane and the 
bending [15], 

b
m
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t
σ = , 

2 3 42
0

2 2
0

3 9
2
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b b b bb

PR t t t t
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σ = − + −      −       

,(14) 

where 0R  is the outer radius of the pipe. 

 
The theoretical results. There is made a 

numerical analysis of the problem for the pipe section of 
the gas pipeline made of steel graded X60 

( 52 10E = ⋅ MPa, 0,3µ = , 588Bσ = MPa, 

440Tσ = MPa), with diameter 1020D = mm and wall 

thickness 21t = mm, which is subjected to internal 
pressure 4.5p = MPa. The calculation is carried out for 

external axial semi-elliptically shaped crack in a 
welding joint at different depths a with the ratio of 
semi-axes of ellipse 1.2c a=  and circular residual 

stresses r∗
ββσ , averaged over the crack surface. 

Stress intensity factor 1
HK  for the external axial 

surface crack in the pipe  due to internal pressure p  is 

calculated by the following formula: 
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The distribution of residual stresses in the weld 
zone is described by the formulas: 

( )
2

0 1 2,r r r rx x
x

t tββ
   σ α = σ + σ + σ   
   

.        (16) 
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The calculation of residual stresses in the studied 
welding joint have to be performed for the distribution 
of thermoplastic deformations under the following 
values of numerical parameters: 1 0.7k =  

( )*
1 1 Tk E= σE ; 0.1k = ; 1 1s = ; 2 2s = ; 0.8ρ = ; 

1 0.5n = ; 2 0.6n = ; 1 0.25q = ; 2 0.3q = ; 1 12b = mm; 

2 9b = mm; 3 6b = mm.  

The graph in Fig. 5 shows the distribution of 

residual stress r
ββσ  on the outer (solid line), internal 

(dotted line) and median (dash-dotted line) surfaces of 
the pipe.  

Stress distribution r
ββσ  through the pipe thickness 

in sections 0z =  and 4.0z =  mm is graphically 
depicted in Fig. 6. 

The expression for calculating the averaged over 

the surface external semi-elliptical crack (Fig. 3) r∗
ββσ  

can be written as 

2 2
02

0

4
( )r r

∗α
∗
ββ ∗

∗

σ = α − α σ α +πα ∫          (18) 
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2

2 2 2 2
1 22

1 1
( ) ( ) ,

2 3
r ra a

d
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∗ ∗

   + α −α σ α + α −α σ α α   α    α 
 

where /c R∗α = . 

 

 
hγ = on the pipeline outer surface;  

hγ = −  on the pipeline inner surface;  

0γ =  on the pipeline median surface 

Figure 5 – The dependence of circular residual 
stresses r

ββσ  in circular welding joint on the distance 

z along the axis of the pipe 
 

 
0z =  is distribution of residual stresses on the line of 

symmetry of the joint; 4.0z =  mm is stress distribution 
at a distance of 4.0 mm from the line of symmetry of the 

joint 

Figure 6 – The dependence of circular residual 
stresses on the distance x from the outer surface  

of the pipe 
 
In case of the residual stress distribution, shown in 

Fig. 5, 261r∗
ββσ = MPa. 

For the above values of stresses and ratios of 
geometrical dimensions of the crack at different depths 
there are calculated the values of 1K  and refσ , caused 

by the action of total stresses from internal pressure 
p
ββσ  and residual stresses r∗

ββσ  ( )p r∗
ββ ββββσ = σ + σ  and 

correspondingly 1 1r CK K K=  and r ref BS = σ σ , 

according to the given recommendations [15]. 
According to the experimental data in [14] the value of 

1CK  is ш
1 48MPaCK m= ⋅  for the welding material. 

Then there are calculated safety coefficients of welding 
joint n  according to formulas (11) and safety 
coefficients pn , which correspond to the influence of the 
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operating stresses on the pipe section with a crack in the 

welding joint H bR
p

tββσ =
 
( )0r∗

ββσ =ɶ .  

Fig. 7 shows the dependence of safety coefficients 
n  and pn  on the relative depth of the crack /a t .   

Straight line 1.63n =  corresponds to the level of 
acceptable safety coefficient k  by the criteria of the 
static strength, which is 1.63k =  according to the 
normative document [14] for this pipeline section. The 
line 1.1n =  corresponds to the limit; the safety 
coefficients below it have values according to which the 
relevant defects are classified as critical. Curve 1 
characterizes the dependence of the safety coefficient 

pn , which corresponds to the level of operating stresses 

104.8H
ββσ = MPa. Curve 2 shows the dependence of the 

safety coefficient n  on the crack depth with regard to 

the summary action of operating stresses H
ββσ

 
and 

residual stresses 100r∗
ββσ = MPa, which remain in the 

weld zone even after high-temperature tempering. 
Curve 3 is built with regard to operating and averaged 

residual stresses 261r∗
ββσ = MPa. 

 

 
a і c are semi-axes of a semi-elliptically shaped crack; 

n is a safety coefficient that corresponds to the 
summary action of operating and residual stresses;  

p  is the pressure in MPa; t is the pipe thickness;  

ϕ is the angle that defines the location of a point on the 
crack periphery; 1 is characterizes the dependence of 
the safety coefficient pn

 
on the action of the operating 

load; 2 is shows the dependence of the safety coefficient 
n  on the crack depth with regard to the summary action 
of operating and residual stresses; 3 is a characteristic 

curve,  built with regard to operating and averaged 
residual stresses 

Figure 7 – The dependence of safety coefficients 
n (curves 2, 3) and pn  (curve 1) on the relative depth 

of the crack /a t  
 
The graphs show that the value of safety 

coefficient n  of a defective welding joint is 
substantially reduced with increasing of the crack depth. 
Besides, residual stresses have a significant impact, and 

a critical value of a safety coefficient reaches 1.1n =  at 

the defect depth / 0.49a t =  if 100r∗
ββσ = MPa. 

The outlined approach can be used for pipes after 
their prolonged operation, which leads to the change of 
mechanical and physical properties of steels [6], and 
also for the distribution of residual stresses. 

 
Conclusions 
Based on the two-parametric criteria of ductile-

brittle failure and failure assessment diagram, regulated 
by the normative documents, we obtained the closed 
formulas for calculating the safety coefficients of 
pipeline sections with external axial cracks in the 
welding joints with regard to the variables along the 
pipe and beyond its residual stresses thickness. 

These characteristic curves for the pipe, made of 
steel X60,  with outer diameter of 1020 mm, show that 
when the dimensionless factor increases it characterizes 
the approximation measure to the ductile failure rS , the 

effect of residual stresses on the change of the ratio of 
safety coefficientn , which corresponds to the summary 
action of the operating and residual stresses,  to safety 
coefficient pn , without consideration of the residual 

stresses, reduces, and when the relative coefficient of 

residual stresses rς  grows the effect increases. If 

0.65A
rS <  the influence of residual stresses becomes 

apparent at 0.2rς = .   

The value of safety coefficient n  of a defective 
welding joint substantially reduces when the crack 
depth increases. Meanwhile the residual stresses have an 

important impact: when 100r∗
ββσ = MPa the critical 

value of the safety coefficient reaches 1.1n =  at the 
defect depth / 0.49a t = . 
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Оцінка статичної міцності ділянок трубопроводів  
з тріщиноподібними дефектами в зоні зварного шва 
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Запропоновано методику оцінки ресурсу трубопроводів тривалої експлуатації на основі визначення їх 
коефіцієнтів запасу міцності з урахуванням зміни геометрії тріщиноподібних дефектів і релаксованих 
залишкових напружень. Розглянуто зварні з’єднання ділянок трубопроводів з наявними гострокінцевими 
дефектами, що моделюються зовнішніми осьовими поверхневими тріщинами. На основі двопараметричного 
критерію механіки крихко-в’язкового руйнування встановлено критеріальні співвідношення оцінки їх 
статичної міцності. 

Одержано замкнуті формули для обчислення коефіцієнтів запасу міцності ділянок трубопроводів з 
тріщинами у зварних з’єднаннях з урахуванням змінних уздовж труби і за її товщиною залишкових 
напружень. Для конкретних ділянок трубопроводу із зовнішньою осьовою поверхневою тріщиною у 
зварному з’єднанні визначено залишкові напруження і їх усереднені по поверхнях тріщин значення, 
обчислено коефіцієнт інтенсивності напружень та довідкове напруження refσ , що характеризують механізм 

в’язкого руйнування (пластичну нестійкість), і на цій основі визначено коефіцієнти запасу міцності. Оцінено 
вплив залишкових напружень на статичну міцність ділянки трубопроводу з поверхневими тріщинами у 
зварному шві і, згідно з нормативними документами, встановлено категорійність їх небезпеки. Досліджено 
вплив зміни термопластичних деформацій за довжиною і товщиною труб на рівень і розподіл залишкових 
напружень у зонах кільцевих зварних швів трубопроводів. Проаналізовано зміну коефіцієнта запасу 
міцності для різних співвідношень розмірів зовнішньої осьової тріщини, розміщеної у зварному шві. 

Вивчення реальних умов експлуатації магістральних трубопроводів, та своєчасне виявлення параметрів 
дефектів дає можливість згідно наведеної методології оцінити вплив геометричних розмірів і місць 
розташування гострокінцевих дефектів, з урахуванням змінних вздовж труби і за її товщиною залишкових 
напружень, на коефіцієнт запасу міцності ділянок магістральних трубопроводів, зводячи до мінімуму 
можливі ризики виникнення аварійних ситуацій. 

Ключові слова: газові і нафтові трубопроводи, дефекти, діаграма оцінки руйнування, зварний шов, 
коефіцієнт запасу міцності, напруження, руйнування, статична міцність. 

 


