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 1. Introduction

The steel bends from the steel thick-walled large-di-

ameter pipes are widely used under laying the main gas-

oil pipelines, as well as in the metallurgical and engineer-

ing industries [1−32]. 

The pipe-bend represents itself a single curved section 

of steel pipe, which is used to create the smooth changes 

of the pipeline systems’ direction under the laying and 

repair of pipeline. 

By types of manufacturing, the pipe-bends are divided 

into the bent, stamped-welded, cast, sectional-welded 

and steeply curved bends. The bent steel pipe-bends are 

most often used in the metallurgical, machine-building, 

petrochemical and natural gas industries, as well as in the 

construction of the main gas-oil pipelines. 

In the construction of pipelines, it is necessary to 

change the directions of the main line, as many different 

obstacles often occur on the line’s way, and that require 

a bypass of these obstacles with help of the pipe’s twists. 

Steel pipe-bend is a widespread product for connect-

ing of two pipes with the same diameter. The connection 

of steel pipes and pipe-bends is made by welding. The 

typical bending angles of the pipe-bends are equal to 45°, 

60°, 90° and 180°. 

The popularity and demand of steel pipe-bends on 

the modern market of metal productions is due to the 

large number of different working mediums and sub-

stances that can be transported by means of pipeline 

constructions. The working medium for steel pipes 

and pipe-bends are the gas, petroleum, oil, water, 

non-aggressive and aggressive mediums, and various 

mixtures. 

The ability to transport the specific fluid depends on 

the type of steel, from which the pipe line is made: the 

stainless steel is intended for more aggressive substances, 

but the carbon and low carbon steel is more suitable for 

non-aggressive transported media. 

The diameter of steel pipe-bends for main pipelines 

can reach 1020−1420 mm and the wall thickness of pipe-

bends can reach 48 mm [13−20]. Such pipe-bends are 

used in the main pipelines, transporting the working flows 

with the temperature from −70 °C up to + 450 °C and the 

pressure up to 16 MPa. 

In the manufacture of the bent steel pipe-bends for 

main pipelines at the metallurgical enterprises, the origi-

nal straight large-diameter steel pipe is bent several times 

on the three-roller mill (fig. 1) [19]. After the elastoplas-

tic bending the pipe is partially springy back. For a high-

quality manufacture of steel pipe-bends and an estima-

tion of the final curvature’s radius of the pipe-bends after 

bending, it is necessary to know the springback coefficient 

of the steel pipe under bending. 

Modern production of steel pipe-bends take place 

on many large metallurgical plants, for example, at the 

Chelyabinsk Plant of Trubodetals “Magistral” and at 
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The length of modern main gas-oil pipelines often reaches several thousand kilometers, and the pipelines are composed 

from an enormous number of steel large-diameter pipes. The production of the single-joint longitudinally welded steel 

pipes for main gas pipelines with a length of from 12 to 18 m, a diameter from 1020 to 1420 mm, a wall thickness from 19 

to 48 mm from the steels of the strength classes from К38 to K65 is carried out in Russia at JSC “Vyksa Steel Works”, JSC 

“Izhora Pipe Mill” and JSC “Chelyabinsk Pipe-Rolling Plant”, as well as abroad at the pipe plants of the United States, 

Germany, China and India. During the ground laying of main pipelines in the trenches on the areas with a rugged terrain 

(“Yamal-Center”, “Sakhalin-1”, “Sakhalin-2”, “Eastern Siberia - Pacific Ocean”) or the submarine pipeline laying 

on the seabed (“Nord Stream”, “Turkish Stream”) the main large-diameter pipes experience the significant elastic and 

plastic bending deformations, which can lead to the industrial defects of main pipelines and the walls of main pipes. After 

the land and underwater laying, the main pipelines’ pipes springback and fully or partially become straight, however, un-

der an elastoplastic bending their residual longitudinal curvature is significantly different from zero. Under an excessive 

residual curvature, the main pipelines may have defects that are not compatible with the operational rules for pumping of 

gas and oil under a high-line pressure (from 1.2 to 10 MPa), or even to collapse. Disaster on the main pipelines often have 

the difficult removable environmental consequences on a global scale. Therefore, it is important to know the springback 

coefficient of the pipe during bending, allowing to calculate the residual curvature of the pipe after bending. In this paper 

we have obtained the springback coefficient of the pipe under bending for an elastoplastic medium with a linear harden-

ing, depending on the diameter and the wall thickness of the pipe, the yield strength, the young's modulus and the hard-

ening modulus of pipe’s material. The research results can be used in the metallurgical and machine-building factories as 

well as in the construction of the gas-oil main pipelines.
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the Chelyabinsk Plant “Trubodetal” (JSC “United 

Metallurgical Company”). 

The underwater sections of main gas-oil pipelines, 

as mentioned above, are also experiencing a significant 

power bending loads under the pipelines construction. 

There are two methods of bending pipes under a laying 

of main pipelines on the seabed − S-lay method and J-lay 

method (see fig. 2). 

The bending of the pipes of the main pipeline “Turkish 

Stream” under its laying on the Black Sea bed (S-lay 

method) is shown in fig. 3. 

The bending of the pipes of the main pipeline “Eastern 

Siberia — Pacific Ocean” under its laying in the trenches 

on the open rugged terrain is shown in fig. 4. 

2. Basic designations and assumptions

In the study of bending moment in the cross section 

of a circular pipe under bending, it is first necessary to 

consider the bending moment in the cross section of a 

circular beam under bending. The required bending mo-

ment of the pipe we receive as the difference between the 

bending moments of the beams, the diameters of which 

are respectively equal to the external and internal diam-

eters of the pipe. 

We consider a straight beam with a circular cross sec-

tion of radius R. We assume that the longitudinal stretch-

ing of beam’s material in the area of a plastic deformation 

has a linear hardening. 

Let σ and ε be the normal stress and relative elongation 

of the beam in a tension; E, P and σy be the young’s mo-

dulus, hardening modulus and yield stress of the beam’s 

material. 

Under the tension of beam in the region of elastic de-

formation, the normal stresses obey the Hooke’s law 

σ = Eε,

but in the area of hardening the dependence of a normal 

stress σ from a relative elongation ε has a straight form 

[13−20] 

( ), .
y

y y yP
E

σ
σ = σ + ε − ε ε =

Next, we will consider only the bending of the beam. 

Under a beams’ bending the maximum normal stresses 

are observed on the beam’s surface at the points of the 

cross section which are most remote from the neutral 

plane of the beam. 

The epure of normal stresses in the cross section of a 

round beam of the radius R under an elastoplastic bending 

is shown in fig. 5. 

The cross section of the beam under bending is divided 

into two zones — an elastic zone and plastic zone. The 

Fig. 1. Bending of steel pipe in the production 
of pipe-bends for main pipelines

Fig. 2. The bending of pipes under S- and J- method 
of main pipeline’s laying on the seabed

Fig. 3. The laying of the main pipeline “Turkish stream” 
on the Black Sea bed by means of a stinger 
(S-lay method)

Fig. 4. The pipes’ bending of the main pipeline 
“Eastern Siberia − Pacific Ocean” under laying 
on the bottom of the trench
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value of уy, which defines the boundary of these zones, 

we find from the equations
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where ρ is the radius of the curvature of the beam’s axis.

Under increasing of the bending moment and curva-

ture, the elastic area of the beam are reduced, however, 

even at a very large curvature of the beam’s neutral axis 

the elastic area of the beam does not disappear. 

The radius of curvature of the longitudinal axis of a 

round beam with the cross-section’s radius R, in which 

for the first time the normal tension on the beam’s surface 

is equal to the yield strength σy, is equal to 

, , 1.
y y

y y
y y

R R
E E

ER

σ ρ
ρ = σ = =

σ ρ

3. Bending moment of round beam

Under a pure elastic bending of a round beam, the bend-

ing moment M in the cross-section of a beam is equal to 

4

.
4
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M

π=
ρ

We transform the expression for the bending moment 

under a pure elastic bending of a round beam to a dimen-

sionless form 

3
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Under a pure elastic bending of a round beam and 

ρ = ρy = ER/σy, we obtain 

3
.

4y

M

R
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σ

Under an elastoplastic bending of a beam (yy/R = σyρ/

(ER) < 1), the bending moment M in the cross-section of 

a round beam is equal to 
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We transform the expression for the bending moment 

under the elastoplastic bending of a round beam to a di-

mensionless form 
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Under an elastoplastic bending of a round beam and 

ρ = ρy = ER/σy, we obtain 
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4. Bending moment of pipe

Let h be the wall thickness of the pipe, R and r be the 

outer and inner radii of the pipe (R = r + h). 

Under a pure elastic bending of a pipe (yy/R =

= σy ρ/ER ≥ 1), the bending moment M in the cross-sec-

tion of a pipe is equal to 
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We transform the expression for the bending mo-

ment of a pipe under the pure elastic bending (yy /R =
= σy ρ/ER ≥ 1) to a dimensionless form 
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Under a pure elastic bending of a pipe (yy /R =

=σy ρ/ER ≥ 1) and ρ = ρy = ER/σy, we obtain 
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Under an elastoplastic bending of a pipe (1 > yy /R =

= σy ρ/ER ≥ r/R), the bending moment M in the cross-

section of a pipe is equal to 
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We transform the expression for the bending mo-

ment of a pipe under the elastoplastic bending (1 > yy/R =

=σyρ/ER ≥ r/R) to a dimensionless form 

Fig. 5. The epure of the normal stresses in the cross section 
of round beam under bending
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Under an elastoplastic bending of a pipe (1 > yy /R =
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Under an elastoplastic bending of a pipe (r/R > yy /R =
= σyρ/ER), the bending moment M in the cross-section 

of a pipe is equal to 
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We transform the expression for the bending moment 

of a pipe under the elastoplastic bending (r/R > yy /R =
= σy ρ/ER) to a dimensionless form 
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The dependence of M/(σyR3) from ER/(σyρ) for a pipe 

in 2R = 813 мм, h = 39 мм, P/E = 0,044 (the parameters 

of the pipes for the underwater section of the gas pipeline 

“Turkish Stream”) is shown in fig. 6. 

5. Springback coefficient of round beam

In the basis of determining of the residual strains after 

the elastoplastic deformations, the Genki’s theorem of 

unloading (1924 year) have a place [13−20]: the residual 

stresses are equal to the difference between the true stress-

es in the elasto-plastic body and the stresses which would 

be created in the body under the assumption of the ideal 

elasticity of the body’s material. 

Using the Genki’s theorem of unloading, we obtain 

the equation for determining the residual radius of cur-

vature ρres of the round beam:
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Under a pure elastic bending of a beam (yy /R  =
= σy ρ/ER ≥ 1), the springback coefficient is equal to 

β(ρ) = �.

Fig. 6. The dependence of bending moment M from pipe’s 
curvature 1/ρ
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Under an elastoplastic bending of a beam (yy /R =
= σy ρ/ER < 1), the springback coefficient is equal to 
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Under an elastoplastic bending of a beam (yy /R =
=σy ρ/ER < 1), for the Prandtl’s diagram (the modulus 

hardening P = 0) we have 
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6. Springback coefficient of pipe

The equation for determining of the residual radius of 

pipe’s curvature ρres has the form 
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=σy ρ/ER ≥ 1), the springback coefficient is equal to 

β(ρ) = �.

Under a elastoplastic bending of a pipe (1 > yy /R =

= σy ρ/ER ≥ r/R), the springback coefficient of a pipe 

under bending is equal to 
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Under an elastoplastic bending of a pipe (1 > yy /R =

= σy ρ/ER ≥ r/R), for the Prandtl’s diagram (the modulus 

hardening P = 0) we have 
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Under a elastoplastic bending of a pipe (r/R > yy /R =
= σy ρ/ER), the springback coefficient of a pipe under 

bending is equal to 
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Fig. 7. The dependence of springback coefficient β 
from pipe’s curvature 1/ρ
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Under an elastoplastic bending of a pipe (r/R > yy /R =
= σyρ/ER), for the Prandtl’s diagram (the modulus harde-

ning P = 0) we have 
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The dependence of the springback coefficient β 

from ER/(σyρ) for a pipe in 2R = 813 мм, h = 39 мм, 

P/E = 0,044 (the parameters of the pipes for the under-

water section of the gas pipeline “Turkish Stream”) is 

shown in fig. 7. 

7. Conclusions

An analytical expressions for the springback coeffi-

cient of a pipe and a round beam under an elastoplastic 

bending are obtained. The research results can be applied 

in the metallurgical and machine-building industry under 

the manufacture of the pipes and pipe-bends, and the 

metal products made from a round beam and construc-

tion armatures [1−32]. 
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