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INTRODUCTION

In numerous sectors of the economy, the trans-
fer of a working energy medium (such as liquids 
or gases) takes place via industrial fittings. Such 
sectors include, for example, conventional power 
plants [1], gas pipelines [2] or waste incineration 
plants [3]. Industrial fittings are also indispensable 
in the automotive industry [4], aviation, aerospace 
and the wider marine industry and related units, 
including the shipbuilding industry [5, 6].

The pipeline plan is designed according to 
the technologist’s guidelines. However, it is of-
ten adapted to the secondary structure (such as 
ceilings, beams, subsoil). For this reason, there 
are both straight and bent sections along the en-
tire length of the pipeline. Industrial fittings are 
therefore assembled using straight and bent pipe 

sections and various types of fittings, couplings, 
reducers and flanges. Associated and measuring 
instrumentation such as valves, gate valves, ori-
fices, dampers, expanders, pressure gauges, etc. 
are also installed along the length of the pipeline.

Depending on the intended use, the compo-
nents that make up the pipelines are made of ma-
terials that ensure the required product quality, 
thus meeting the expectations of a range of indus-
tries as well as engineers, designers and custom-
ers [7, 8]. From the point of view of the effects of 
the manufacturing process of the various types of 
pipeline components, the process of manufactur-
ing a bent pipeline section in particular deserves 
attention. During the bending process, there is an 
ovalisation of the cross-section with a simultane-
ous change in the thickness of the pipe wall at its 
circumference [9–11]. The bending process is also 
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accompanied by an increase in the reduced stress-
es occurring in the bent pipe, sometimes resulting 
in the need to apply an appropriate heat treatment 
(annealing), after the product forming process 
has been completed. Changes in cross-sections 
interfere with the flow of the working medium 
and make cleaning and maintenance, necessary to 
maintain the serviceability of the pipeline, more 
difficult. These changes also contribute to a re-
duction in the strength of the bent component in 
the tension zone, where the phenomenon of pipe 
wall thinning occurs [12]. In addition, the greater 
the ovalisation, the greater the error in the calcu-
lation of the stress distribution along the pipeline 
route. In a perfectly circular cross-section, there 
is a different pressure distribution than in a com-
ponent with an elliptical outline. Hence, bend-
shaped pipeline sections are subject to assessment 
of their dimensional shape performance, accord-
ing to the applicable standards. For the energy 
industry, for example, the applicable standard in 
this respect is EN 13480 [13]. It defines the per-
missible corrugation of the compression layer, the 
maximum permissible ovalisation and the mini-
mum wall thickness in the tension layer.

Depending on the type of technology used, 
there are several basic bending methods used in 
industrial settings to suit a particular type of pipe. 
In general, however, two types of pipe bending 
technology can be distinguished: cold [14–16] 
and hot [17–19]. One of the more modern and 
improved technologies for cold mechanical pipe 
bending is the so-called mandrel bending [20]. 
This method is ideal for shaping pipes with a very 
small bending radius. During bending, a so-called 
mandrel is inserted into the centre of the pipe be-
ing shaped. Depending on the type of pipe to be 
bent and the bending radius, the pipe is filled using 
straight, ball or segment mandrels [12, 21]. The 
diameters of the segments are smaller than the in-
ner diameter of the pipe, which allows the pipe to 
be stiffened from the inside and the mandrel to be 
removed freely after the bending process.

In addition to the previously mentioned solu-
tions for mandrels used in pipe bending, there are 
also known special design solutions for mandrels 
contained in the description of patent Pat.203569 
[22] and included in the description of utility model 
Ru.058109 [23]. The use of a mandrel in the pipe 
(or profile) bending process prevents distortion, cor-
rugation of the bent curve or its flattening and col-
lapse. Greater control over the desired ovalisation 
of the pipes can be achieved. The use of mandrel 

bending technology also eliminates the tendency 
for the material to return to its original shape.

Mandrel bending is the technique most com-
monly used to process pipes with small bending 
radii (when the bending radius has a dimension 
corresponding to 3 times the pipe’s outside diam-
eter). The mandrel regulates the plastic flow of 
the material in the working area to maintain the 
required bending radius of thin-walled pipes and 
avoid undesirable deformation of the bent pipe 
section [24]. A mandrel is necessary if the diam-
eter of the pipe is at least 20 times its thickness. 
Otherwise bending of pipes using a mandrel is not 
necessary, as the forces in the working area are 
not sufficient to cause the pipe to undulate.

There is no scientific justification for the rec-
ommended mandrel positioning in the available 
reference materials. The guidelines given are 
either estimates or recommend a trial and error 
method to determine the mandrel positioning. 
Such recommendations for users are given by 
most companies producing various types of man-
drel bending machines for pipes as well as their 
authorised representatives. Shaping of a pipe sec-
tion using this method can be carried out up to a 
bending angle of 90°. At larger bending angles, 
difficulties are encountered when removing the 
mandrel from the pipe.

The observations made during the pipeline 
process improvement work prompted research 
to determine the effect of mandrel positioning on 
strain and stress values and the geometric condi-
tion of a mandrel-bent pipeline section.

The values of stresses and strains in a bent 
pipe can be determined by analytical methods 
[25], but the finite element method (FEM) is most 
commonly used for this purpose [26–31]. How-
ever, when modelling thin-walled pipes, similar 
modelling techniques can be used as for other 
thin-walled systems [32–34]. Wang et al. [35] 
modelled the bending of thin-walled pipes using 
a diameter-adjustable mandrel constructed from 
core ball segments. Modelling of pipe bending us-
ing a mandrel similar in design was also presented 
earlier by Cheng et al. [36] and Jiang et al. [37]. 
The results of a study of neutral axis displacement 
in rotary drawing pipe bending processes using 
a mandrel were presented by Engel and Hassan 
[38]. A chain-link mandrel for rotary pipe bend-
ing was used in the modelling described by Salem 
et al. [39]. Razali et al. [40] performed an implicit 
elastoplastic finite element analysis of pipe bend-
ing with a focus on predicting springback.
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With the above in mind, FEM was also used 
in the development of this article. The calcula-
tions were carried out using Midas NFX 2021 
[41, 42]. The most important conclusion from the 
work carried out is that the criterion determining 
the efficiency of the bending process is the per-
missible recommended value of the ovalisation of 
the pipe cross-section. The paper also shows that 
the use of a dedicated bending process method 
for the imposed geometric dimensions of the pipe 
and radius will allow the ovalisation of the cross-
section not to exceed its permissible value. The 
results of the analyses carried out allow the selec-
tion of a pipeline bending method depending on 
the pipe cross-sectional dimensions and the bend-
ing radius. It was finally shown that the use of 
the proposed toroidal mandrel in the mechanical 
bending process can lead to satisfactory results of 
the bending process.

METHODS

Simulation studies of deformations and 
stresses were carried out for the case of bending 
a pipe without a mandrel and with a mandrel by 
varying the pipe wall thickness. The calculations 
were carried out by varying the dimensions of the 
cross-section of the bent pipe (outer diameter Do, 
inner diameter Di and the resulting thickness g 
as well as the bending radius R) and the value of 
the mandrel displacement in relation to the bend-
ing axis. A mandrel with an extended end corre-
sponding to the shape of a torus was taken as the 
filler in each case. The dimensioned shape of the 
toroidal mandrel adopted in the simulation study 
is presented in Figure 1. In the case of using a 
mandrel, in addition to changing its diameter as 

dictated by a change in the thickness of the pipe 
wall, its output positioning relative to the forming 
segment’s axis of rotation was changed. This po-
sitioning was determined by the transition point 
of the mandrel’s cylindrical shape into the torus 
portion. The mandrel extension beyond the axis 
of rotation was treated as a positive displacement, 
denoted as x. Retreat of the mandrel in front of the 
axis of rotation was treated as a negative displace-
ment. The adopted method of determining the po-
sitioning of the mandrel and its location during 
the implementation of the pipe bending process is 
illustrated in Figure 2.

The first tests included 90-degree bending 
of two types of pipe with the parameters given 

Figure 1. Shape of the mandrel used 
in simulation studies

Figure 2. Location of the mandrel during the bending process: (a) determination of mandrel positioning, 
(b) positioning of the mandrel during the process
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in Table 1. The dimensional changes of the pipe 
were checked in cross-sections defined by an an-
gle a varying every 15 degrees (see Figure 3).

An elastic-plastic material model was used 
to represent the individual pipe types in the form 
of the bilinear characteristics shown in Figure 
4. This characteristic is typical of stainless steel 
(such as 1.4571), for which the Young’s modulus 
is 210 GPa, the yield strength is 210 MPa and the 
strengthening modulus is equal to 678 MPa. In 
contrast, the mandrel and rollers were modelled 
as rigid solids in the individual models.

Depending on the changes in the bending 
parameters (pipe dimensions, mandrel, bending 
radius), the number of finite elements adopted 
to model the components forming the tooling to 
be used in the technological process of mandrel 
bending of pipes was changed proportionally. 
Hexagonal-type elements were used to build 
the individual models. A model of the type A 
pipe bending process in the FEM convention is 
shown in Figure 5, while the finite element mesh 
parameters for this pipe case are summarised in 
Table 2. In addition to the finite elements given 
in Table 2, rigid-type elements were used in the 
model, with which the non-deformability of the 
rollers and mandrel was modelled. General con-
tact elements [43, 44] were used between the 
pairs pipe-left roller, pipe-right roller and pipe-
mandrel. The following contact element param-
eters were adopted:
 • scaling factor of normal stiffness equal to 1,
 • scaling factor of tangential stiffness equal to 0.1,
 • coefficient of friction equal to 0.2.

An example of the distribution of contact ele-
ments in the adopted models is shown in Figure 
6 (for comparison, see [45]). Each model was 
modelled as symmetrical with respect to the Z0X 
plane (see Figure 5). The following boundary 
conditions were applied to the models:
 • right roller performed a preset rotation of 90° 

relative to an axis passing through the geo-
metric centre of the roller and parallel to the Y 
axis, in a counterclockwise direction,

 • left roller rotated about an axis passing 
through the geometrical centre of the roller 

Table 1. Parameters of pipe types tested
Pipe type Do (mm) Di (mm) g (mm) R (mm)

A 12.0 5.60 3.20 18.0

B 8.80 5.60 1.60 18.0

Figure 3. Angular location of individual cross-
sections where variations in the diameter dimensions 

of the type A pipe bent at 90° were considered

Figure 4. Characteristics of the elastic-plastic 
material used to model the individual pipes

and parallel to the Y axis, in a clockwise di-
rection; the rotation was forced by the friction 
that occurred at the contact between the left 
roller and the bent pipe,

 • mandrel was only allowed to move relative to 
the Z axis,

 • bottom surface of the pipe was rigidly con-
nected to the bottom surface of the right roller.
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Figure 5. Angular location of individual cross-
sections where variations in the diameter dimensions 
of the type A pipe bent at 90° were considered (light 
green – pipe, dark green – mandrel, grey – left roller, 

purple – right roller)

Table 2. Parameters of pipe types tested
Model part Number of finite elements Number of nodes

Pipe 3.312 4.465

Mandrel 630 1376

Left roller 760 878

Right roller 760 878

Figure 6. Distribution of contact elements in the 
adopted models (brown – master elements, dark blue 

– slave elements)

Figure 7. Variation of Di diameter of the type A pipe 
as a function of the angle of the cross-section of the 

bent pipe

In the second part of the study to investigate 
the ovalisation phenomenon in more detail, pipe 
bending was also tested for other parameters than 
those described in Table 1. Thus, tests were con-
ducted for a radius R, for which the following val-
ues were assumed: 16.4 mm, 36.0 mm, 84.0 mm 
and 96.0 mm, and for Do equal to 32.0 mm and Di 
equal to 28.8 mm.

RESULTS

The variation of Di diameter of the type A pipe 
bent at 90° in individual cross-sections is shown 
in Table 3 and Figure 7. The angular position of 
the individual cross-sections is shown earlier in 
Figure 3. The variation of Di diameter of the type 
A pipe as a function of the angle of the cross-sec-
tion of the bent pipe and the mandrel extension is 
shown in Figure 8. The variation of Di diameter 
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Table 3. Variation of Di diameter of the type A pipe as a function of the angle of the cross-section of the bent pipe

a (°) Bending without 
mandrel

Bending with mandrel at extension x (mm)

0 0.08 0.12 0.16 0.20 0.24

0 5.60 5.60 5.60 5.60 5.60 5.60 5.60

15 4.74 5.56 5.57 5.57 5.58 5.59 5.59

30 4.72 5.55 5.56 5.58 5.59 5.60 5.61

45 4.73 5.58 5.59 5.60 5.61 5.62 5.62

60 4.67 5.56 5.57 5.58 5.59 5.60 5.61

75 4.96 5.55 5.56 5.57 5.58 5.58 5.59

90 5.60 5.60 5.60 5.60 5.60 5.60 5.60

Figure 8. Variation of Di diameter of the type A pipe as a function of the angle 
of the cross-section of the bent pipe

of the type B pipe bent at 90° in individual cross-
sections is shown in Table 4 and Figure 9. The 
angular position of the individual cross-sections 
is shown earlier in Figure 3.

The variation of Di diameter of the type B pipe 
as a function of the angle of the cross-section of 
the bent pipe and the mandrel extension is shown 
in Figure 10. An important parameter adopted in 
the assessment of the dimensions of the shaped 
pipe cross-section is ovalisation Δ ow, which ac-
cording to PN-EN 13480-1 [46], taking the outer 
diameter of the pipe as the assessment criterion, 
should be calculated from the relationship:

 Δ 𝑜𝑜𝑜𝑜 = 2(𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚−𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚)
𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚+𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚
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where: Do max – maximum outer diameter, Do min – 
minimum outer diameter.

PN-EN 13480-1 [46] also gives an accept-
able ovalisation value related to the bending ra-
dius R and the outer diameter Do of the bent pipe, 
recommending the following relationship for its 
calculation:

 

Δ 𝑜𝑜𝑜𝑜 = 2(𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚−𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚)
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 (2)

where: m – dimensionless factor expressing the 
ratio between the bending radius R and 
the outer diameter Do of the pipe.

Figure 11 shows a graph showing the varia-
tion of the acceptable ovalisation Δ ow as a func-
tion of the R/Do quotient (i.e. the m factor).

Due to the observed slight variation in pipe 
diameters during mechanical bending with 
a mandrel depending on the angle of the location 
of the cross-section of the bent pipe curve, as well 
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Table 4. Variation of Di diameter of the type B pipe as a function of the angle of the cross-section of the bent pipe

a (°) Bending without 
mandrel

Bending with mandrel at extension x (mm)

0 0.06 0.12 0.18 0.24

0 5.60 5.60 5.60 5.60 5.60 5.60

15 4.97 5.55 5.55 5.55 5.56 5.56

30 4.97 5.57 5.58 5.58 5.59 5.60

45 5.03 5.59 5.60 5.61 5.63 5.64

60 4.94 5.58 5.59 5.61 5.63 5.64

75 5.01 5.56 5.57 5.58 5.60 5.61

90 5.60 5.60 5.60 5.60 5.60 5.60

Figure 9. Variation of Di diameter of the type B pipe 
as a function of the angle of the cross-section of the 

bent pipe

Figure 10. Variation of Di diameter of the type B pipe as a function of the angle 
of the cross-section of the bent pipe and the mandrel extension

as taking into account normative recommenda-
tions, the subsequent modelling steps focused on 
assessing the ovalisation of the cross-section lo-
cated only at an angle of 45°.

Taking into account that the degree of ovalisa-
tion is also influenced by the pipe wall thickness 
g, a second dimensionless coefficient n expressed 
as the quotient Do/g was introduced, followed by 
a universal coefficient y combining R, Do and g, 
described by the relation:
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The maximum value of the pipe wall thicken-
ing gmax and the minimum value of the pipe wall 
thinning gmin were calculated based on relations of 
the form [47]:

 

Δ 𝑜𝑜𝑜𝑜 = 2(𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚−𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚)
𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚+𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚

∙ 100%         (1) 
 
 
Δ 𝑜𝑜𝑜𝑜 = 20

𝑅𝑅
𝐷𝐷𝑜𝑜

= 20
𝑚𝑚           (2) 

 
𝜓𝜓 = 𝑚𝑚

𝑛𝑛             (3) 
 
𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑔𝑔𝑛𝑛𝑛𝑛𝑚𝑚

𝑚𝑚−0.25
𝑚𝑚−0.5           (4) 

 
 
𝑔𝑔𝑚𝑚𝑚𝑚𝑛𝑛 = 𝑔𝑔𝑛𝑛𝑛𝑛𝑚𝑚

𝑚𝑚+0.25
𝑚𝑚+0.5           (5) 

 
 
if 𝐷𝐷𝑜𝑜

𝐷𝐷𝑚𝑚
 > 1.7 then: 

 

𝑔𝑔𝑛𝑛𝑛𝑛𝑚𝑚 =  𝐷𝐷𝑜𝑜
2 (1 − √𝑓𝑓𝑓𝑓−𝑝𝑝𝑐𝑐

𝑓𝑓𝑓𝑓+𝑝𝑝𝑐𝑐
)         (6) 

 
if 𝐷𝐷𝑜𝑜

𝐷𝐷𝑚𝑚
 ≤ 1.7 then: 

 
𝑔𝑔𝑛𝑛𝑛𝑛𝑚𝑚 = 𝑝𝑝𝑐𝑐 𝐷𝐷𝑜𝑜

2𝑓𝑓𝑓𝑓+𝑝𝑝𝑐𝑐
           (7) 

 

 (4)

 

Δ 𝑜𝑜𝑜𝑜 = 2(𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚−𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚)
𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚+𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚

∙ 100%         (1) 
 
 
Δ 𝑜𝑜𝑜𝑜 = 20

𝑅𝑅
𝐷𝐷𝑜𝑜

= 20
𝑚𝑚           (2) 

 
𝜓𝜓 = 𝑚𝑚

𝑛𝑛             (3) 
 
𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑔𝑔𝑛𝑛𝑛𝑛𝑚𝑚

𝑚𝑚−0.25
𝑚𝑚−0.5           (4) 

 
 
𝑔𝑔𝑚𝑚𝑚𝑚𝑛𝑛 = 𝑔𝑔𝑛𝑛𝑛𝑛𝑚𝑚

𝑚𝑚+0.25
𝑚𝑚+0.5           (5) 

 
 
if 𝐷𝐷𝑜𝑜

𝐷𝐷𝑚𝑚
 > 1.7 then: 

 

𝑔𝑔𝑛𝑛𝑛𝑛𝑚𝑚 =  𝐷𝐷𝑜𝑜
2 (1 − √𝑓𝑓𝑓𝑓−𝑝𝑝𝑐𝑐

𝑓𝑓𝑓𝑓+𝑝𝑝𝑐𝑐
)         (6) 

 
if 𝐷𝐷𝑜𝑜

𝐷𝐷𝑚𝑚
 ≤ 1.7 then: 

 
𝑔𝑔𝑛𝑛𝑛𝑛𝑚𝑚 = 𝑝𝑝𝑐𝑐 𝐷𝐷𝑜𝑜

2𝑓𝑓𝑓𝑓+𝑝𝑝𝑐𝑐
           (7) 

 

 (5)
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Table 5. The dimensions of the cross-section of the shaped pipe and the calculated values of the ovalisation of the 
internal and external diameters assuming: gnom = 3.20 mm, Di = 5.60 mm, Do = 12.0 mm, R = 36.0 mm, n = 3.75; 
m = 3.00; y = 0.80; gmax = 3.57 mm; gmin = 2.97 mm and Δ ow = 6.7%

Parameter Without mandrel
With mandrel

x = 0% x = 10%

gnom

Vertical plane
Max (mm) 3.48 3.27 3.27

Min (mm) 2.95 2.86 2.86

Horizontal plane (mm) 3.18 3.17 3.17

Di

Vertical plane (mm) 5.29 5.58 5.59

Horizontal plane (mm) 5.62 5.66 5.64

Ovalisation (%) 6.05 1.42 0.89

Do

Vertical plane (mm) 11.72 11.71 11.72

Horizontal plane (mm) 11.98 12.00 11.98

Ovalisation (%) 2.19 2.45 2.19

Figure 11. Course of variation of the acceptable ovalisation Δ ow as a function of the m factor 
(compiled from [46])

Whereby: 

Δ 𝑜𝑜𝑜𝑜 = 2(𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚−𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚)
𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚+𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚

∙ 100%         (1) 
 
 
Δ 𝑜𝑜𝑜𝑜 = 20

𝑅𝑅
𝐷𝐷𝑜𝑜

= 20
𝑚𝑚           (2) 

 
𝜓𝜓 = 𝑚𝑚

𝑛𝑛             (3) 
 
𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑔𝑔𝑛𝑛𝑛𝑛𝑚𝑚

𝑚𝑚−0.25
𝑚𝑚−0.5           (4) 

 
 
𝑔𝑔𝑚𝑚𝑚𝑚𝑛𝑛 = 𝑔𝑔𝑛𝑛𝑛𝑛𝑚𝑚

𝑚𝑚+0.25
𝑚𝑚+0.5           (5) 

 
 
if 𝐷𝐷𝑜𝑜

𝐷𝐷𝑚𝑚
 > 1.7 then: 

 

𝑔𝑔𝑛𝑛𝑛𝑛𝑚𝑚 =  𝐷𝐷𝑜𝑜
2 (1 − √𝑓𝑓𝑓𝑓−𝑝𝑝𝑐𝑐

𝑓𝑓𝑓𝑓+𝑝𝑝𝑐𝑐
)         (6) 

 
if 𝐷𝐷𝑜𝑜

𝐷𝐷𝑚𝑚
 ≤ 1.7 then: 

 
𝑔𝑔𝑛𝑛𝑛𝑛𝑚𝑚 = 𝑝𝑝𝑐𝑐 𝐷𝐷𝑜𝑜

2𝑓𝑓𝑓𝑓+𝑝𝑝𝑐𝑐
           (7) 

 

 then:

 

Δ 𝑜𝑜𝑜𝑜 = 2(𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚−𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚)
𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚+𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚

∙ 100%         (1) 
 
 
Δ 𝑜𝑜𝑜𝑜 = 20

𝑅𝑅
𝐷𝐷𝑜𝑜

= 20
𝑚𝑚           (2) 

 
𝜓𝜓 = 𝑚𝑚

𝑛𝑛             (3) 
 
𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑔𝑔𝑛𝑛𝑛𝑛𝑚𝑚

𝑚𝑚−0.25
𝑚𝑚−0.5           (4) 

 
 
𝑔𝑔𝑚𝑚𝑚𝑚𝑛𝑛 = 𝑔𝑔𝑛𝑛𝑛𝑛𝑚𝑚

𝑚𝑚+0.25
𝑚𝑚+0.5           (5) 

 
 
if 𝐷𝐷𝑜𝑜

𝐷𝐷𝑚𝑚
 > 1.7 then: 

 

𝑔𝑔𝑛𝑛𝑛𝑛𝑚𝑚 =  𝐷𝐷𝑜𝑜
2 (1 − √𝑓𝑓𝑓𝑓−𝑝𝑝𝑐𝑐

𝑓𝑓𝑓𝑓+𝑝𝑝𝑐𝑐
)         (6) 

 
if 𝐷𝐷𝑜𝑜

𝐷𝐷𝑚𝑚
 ≤ 1.7 then: 

 
𝑔𝑔𝑛𝑛𝑛𝑛𝑚𝑚 = 𝑝𝑝𝑐𝑐 𝐷𝐷𝑜𝑜

2𝑓𝑓𝑓𝑓+𝑝𝑝𝑐𝑐
           (7) 

 

 (6)

if 

Δ 𝑜𝑜𝑜𝑜 = 2(𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚−𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚)
𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚+𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚

∙ 100%         (1) 
 
 
Δ 𝑜𝑜𝑜𝑜 = 20

𝑅𝑅
𝐷𝐷𝑜𝑜

= 20
𝑚𝑚           (2) 

 
𝜓𝜓 = 𝑚𝑚

𝑛𝑛             (3) 
 
𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑔𝑔𝑛𝑛𝑛𝑛𝑚𝑚

𝑚𝑚−0.25
𝑚𝑚−0.5           (4) 

 
 
𝑔𝑔𝑚𝑚𝑚𝑚𝑛𝑛 = 𝑔𝑔𝑛𝑛𝑛𝑛𝑚𝑚

𝑚𝑚+0.25
𝑚𝑚+0.5           (5) 

 
 
if 𝐷𝐷𝑜𝑜

𝐷𝐷𝑚𝑚
 > 1.7 then: 

 

𝑔𝑔𝑛𝑛𝑛𝑛𝑚𝑚 =  𝐷𝐷𝑜𝑜
2 (1 − √𝑓𝑓𝑓𝑓−𝑝𝑝𝑐𝑐

𝑓𝑓𝑓𝑓+𝑝𝑝𝑐𝑐
)         (6) 

 
if 𝐷𝐷𝑜𝑜

𝐷𝐷𝑚𝑚
 ≤ 1.7 then: 

 
𝑔𝑔𝑛𝑛𝑛𝑛𝑚𝑚 = 𝑝𝑝𝑐𝑐 𝐷𝐷𝑜𝑜

2𝑓𝑓𝑓𝑓+𝑝𝑝𝑐𝑐
           (7) 

 

 then:

 

Δ 𝑜𝑜𝑜𝑜 = 2(𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚−𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚)
𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚+𝐷𝐷𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚

∙ 100%         (1) 
 
 
Δ 𝑜𝑜𝑜𝑜 = 20

𝑅𝑅
𝐷𝐷𝑜𝑜

= 20
𝑚𝑚           (2) 

 
𝜓𝜓 = 𝑚𝑚

𝑛𝑛             (3) 
 
𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑔𝑔𝑛𝑛𝑛𝑛𝑚𝑚

𝑚𝑚−0.25
𝑚𝑚−0.5           (4) 

 
 
𝑔𝑔𝑚𝑚𝑚𝑚𝑛𝑛 = 𝑔𝑔𝑛𝑛𝑛𝑛𝑚𝑚

𝑚𝑚+0.25
𝑚𝑚+0.5           (5) 

 
 
if 𝐷𝐷𝑜𝑜

𝐷𝐷𝑚𝑚
 > 1.7 then: 

 

𝑔𝑔𝑛𝑛𝑛𝑛𝑚𝑚 =  𝐷𝐷𝑜𝑜
2 (1 − √𝑓𝑓𝑓𝑓−𝑝𝑝𝑐𝑐

𝑓𝑓𝑓𝑓+𝑝𝑝𝑐𝑐
)         (6) 

 
if 𝐷𝐷𝑜𝑜

𝐷𝐷𝑚𝑚
 ≤ 1.7 then: 

 
𝑔𝑔𝑛𝑛𝑛𝑛𝑚𝑚 = 𝑝𝑝𝑐𝑐 𝐷𝐷𝑜𝑜

2𝑓𝑓𝑓𝑓+𝑝𝑝𝑐𝑐
           (7) 

 
 (7)

where: gnom – nominal pipe thickness (mm), f – 
design stress (MPa), z – section modulus 
for a pipe (mm3), pc – calculation pressure 
(MPa).

In order to carry out a final analysis of the 
bending process, calculations using FEM were 
carried out for various pipe parameters. Select-
ed examples of the results obtained are shown in 

Tables 5 to 10, in which the extension of the man-
drel x is specified as a percentage of its diame-
ter. The acceptable value of the ovalisation of the 
pipe cross-section Δ ow was read from the graph 
presented in Figure 11.

Figure 12 shows an example of the variation 
of the pipe wall thickness in the longitudinal and 
transverse cross-sections for the selected case 
of simulation testing of bending a pipe with a 
mandrel as described in Table 6. An example of 
the deformed longitudinal and transverse cross-
sections in the case of bending a pipe without a 
mandrel is shown in Figure 13.

As shown in Table 10, the bending of the 
thin-walled pipe using the proposed mandrel 
shape and small bending radius required a nega-
tive offset, i.e. the mandrel was moved back in 
front of the bending axis, to enable satisfactory 
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Table 6. The dimensions of the cross-section of the shaped pipe and the calculated values of the ovalisation of the 
internal and external diameters assuming: gnom = 1.60 mm, Di = 5.60 mm, Do = 8.80 mm, R = 36.0 mm, n = 5.50; 
m = 4.09; y = 0.74; gmax = 1.71 mm; gmin = 1.51 mm and Δ ow = 4.9%

Parameter Without mandrel
With mandrel

x = 0% x = 10%

gnom

Vertical plane
Max (mm) 1.75 1.65 1.65

Min (mm) 1.50 1.56 1.56

Horizontal plane (mm) 1.59 1.60 1.60

Di

Vertical plane (mm) 5.40 5.16 5.14

Horizontal plane (mm) 5.62 5.95 5.96

Ovalisation (%) 3.99 14.2 14.8

Do

Vertical plane (mm) 8.65 8.37 8.35

Horizontal plane (mm) 8.80 9.15 9.16

Ovalisation (%) 1.72 8.90 9.25

Table 7. The dimensions of the cross-section of the shaped pipe and the calculated values of the ovalisation of the 
internal and external diameters assuming: gnom = 3.20 mm, Di = 5.60 mm, Do = 12.0 mm, R = 18.0 mm, n = 3.75; 
m = 1.50; y = 0.40; gmax = 4.00 mm; gmin = 2.80 mm and Δ ow = 10%

Parameter Without mandrel
With mandrel

x = 0% x = 5%

gnom

Vertical plane
Max (mm) 3.79 3.41 3.35

Min (mm) 2.72 2.44 2.49

Horizontal plane (mm) 3.18 3.07 3.07

Di

Vertical plane (mm) 4.73 5.58 5.62

Horizontal plane (mm) 5.62 5.71 5.68

Ovalisation (%) 17.2 2.30 1.06

Do

Vertical plane (mm) 11.24 11.43 11.46

Horizontal plane (mm) 11.98 11.85 11.82

Ovalisation (%) 6.38 3.61 3.09

Table 8. The dimensions of the cross-section of the shaped pipe and the calculated values of the ovalisation of the 
internal and external diameters assuming: gnom = 1.60 mm, Di = 5.60 mm, Do = 8.80 mm, R = 16.4 mm, n = 5.50; 
m = 1.86; y = 0.34; gmax = 1.89 mm; gmin = 1.43 mm and Δ ow  = 10%

Parameter Without mandrel
With mandrel

x = 0% x = 5%

gnom

Vertical plane
Max (mm) 1.83 1.70 1.68

Min (mm) 1.42 1.28 1.27

Horizontal plane (mm) 1.57 1.54 1.53

Di

Vertical plane (mm) 5.03 5.59 5.64

Horizontal plane (mm) 5.65 5.59 5.59

Ovalisation (%) 11.6 0 -0.89

Do

Vertical plane (mm) 8.28 8.57 8.59

Horizontal plane (mm) 8.79 8.67 8.65

Ovalisation (%) 5.98 1.16 0.70

results (maintaining the required wall thickness 
and ovalisation of the cross-section). An exam-
ple of the pipe forming results obtained for this 
case are shown in Figure 14, which illustrates an 

image of the shaped longitudinal and transverse 
cross-section (at an angle of 45°) when bending a 
thin-walled pipe with the mandrel offset by 2% of 
the mandrel diameter in front of the bending axis.
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Table 10. The dimensions of the cross-section of the shaped pipe and the calculated values of the ovalisation of the 
internal and external diameters assuming: gnom = 1.60 mm, Di = 28.8 mm, Do = 32.0 mm, R = 84.0 mm, n = 20.0; 
m = 2.63; y = 0.13; gmax = 1.79 mm; gmin = 1.47 mm and Δ ow = 7.6%

Parameter Without 
mandrel

With mandrel

x = -10% x = -5% x = -2% x = 0% x = 10%

Gnom

Vertical plane
Max (mm)

Corrugation Corrugation

1.74 1.75 1.71 1.65

Min (mm) 1.49 1.42 1.46 1.07

Horizontal plane (mm) 1.59 1.60 1.59 1.53

Di

Vertical plane (mm) 28.20 28.70 31.70 33.30

Horizontal plane (mm) 28.72 28.80 28.82 28.94

Ovalisation (%) 1.83 0.34 -9.52 -14.01

Do

Vertical plane (mm) 31.39 31.87 34.87 36.02

Horizontal plane (mm) 31.90 32.00 32.00 32.00

Ovalisation (%) 1.61 0.40 -8.58 -11.82

Figure 12. Example image of the variation of pipe wall thickness for a selected case of simulation testing of 
mandrel pipe bending described in Table 6: (a) in longitudinal cross-section, (b) in transverse cross-sections

Table 9. The dimensions of the cross-section of the shaped pipe and the calculated values of the ovalisation of the 
internal and external diameters assuming: gnom = 1.60 mm, Di = 28.8 mm, Do = 32.0 mm, R = 96.0 mm, n = 20.0; 
m = 3.00; y = 0.15; gmax = 1.71 mm; gmin = 1.49 mm and Δ ow = 6.7%

Parameter Without mandrel
With mandrel

X = 0% X = 10%

Gnom

Vertical plane
Max (mm) 1.63 1.62 1.61

Min (mm) 1.55 1.48 1.25

Horizontal plane (mm) 1.60 1.60 1.56

Di

Vertical plane (mm) 28.12 28.80 29.70

Horizontal plane (mm) 28.75 28.80 28.58

Ovalisation (%) 2.22 0 -3.84

Do

Vertical plane (mm) 31.30 31.90 32.56

Horizontal plane (mm) 31.95 32.00 31.70

Ovalisation (%) 2.05 0.31 -2.68
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Figure 13. Example of deformed longitudinal and transverse cross-sections in the case 
of bending a thin-walled pipe without a mandrel

Figure 14. Image of the shaped longitudinal and transverse cross-section (at 45°) when bending a thin-walled 
pipe with the mandrel offset by 2% of the mandrel diameter in front of the bending axis

However, too much retraction of the mandrel 
results in undesirable corrugation of the inner 
wall of the pipe especially at the initial stage of 
90° bending (see Figure 15). The fabricated sec-
tions of the pipe bent at 45° when the mandrel 
was moved significantly (5% of the mandrel di-
ameter) in front of the bending axis and when the 
mandrel was moved slightly (2% of the mandrel 
diameter) in front of the bending axis are shown 
in Figures 16a and 16b, respectively. The pipes 
shown in Figure 16 were made on a bending ma-
chine of our own design.

The technological process of pipe bending 
is accompanied by changes in stress in addition 
to permanent deformation. An increase in stress 
above the permissible value results in the possi-
bility of wall cracking in the bent pipe section. 

Therefore, the results of the deformation tests 
were supplemented in each case with stress anal-
yses of the pipe bending process. The stress anal-
ysis additionally took into account the fact that 
the pipe section formed by mechanical bending is 
subjected to operating pressure during operation. 
The stresses in the longitudinal and transverse 
cross-sections were analysed for the case of pipe 
bending without and with a mandrel, and without 
and with working pressure, assuming the values 
pc = 6.5 MPa and f = 103.3 MPa.

Table 11 shows the values of the maximum 
stresses syy in the cross-section located at 45° for 
a pipe bent at 90°. The values of these stresses in 
graphical form are shown in Figure 17. Table 12 
shows the values of the reduced stresses sred ac-
cording to the Huber - von Mises - Hencky yield 
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Figure 16. Executed sections of pipe bent at 45°: (a) where the mandrel is moved significantly 
(5% of the mandrel diameter) in front of the bending axis, (b) where the mandrel is moved slightly 

(2% of the mandrel diameter) in front of the bending axis

Figure 15. Image of the deformed longitudinal 
cross-section when bending a thin-walled pipe using 

the proposed mandrel shape, which was shifted 
significantly in front of the bending axis

criterion [29] in the cross-section located at 45° 
for a pipe bent at 90°. The values of these stresses 
in graphical form are shown in Figure 18.

DISCUSSION

In the deformation simulation studies, most 
of the results showed a typical variation in lon-
gitudinal and transverse cross-sections resulting 

from the bending process, manifested by a thin-
ning of the pipe wall thickness at the outer sur-
face in tension and a thickening of the pipe wall 
at the inner surface in compression, as illustrated, 
for example, in Figure 12. However, the result-
ing ovalisation of the pipe cross-section is within 
the permissible limits recommended by the stan-
dards. The mandrel bending process is accompa-
nied by the characteristic formation of a notch, on 
the inner curve of the pipe at the end of the bend, 
suggesting the need for a smoothing device. The 
reduction of the y coefficient value below 0.20 
that characterises thin-walled pipes and the ab-
sence of a mandrel results in deformations of the 
bent pipe arch that make it virtually impossible to 
determine its transverse dimensions (Figure 13). 
The use of a mandrel makes it possible to obtain 
a satisfactory cross-sectional shape of the pipe 
even if the value of the y coefficient decreases to 
0.11. A decrease in the value of the y coefficient 
below 0.10 requires that bending be carried out 
with a ball mandrel in order to obtain the geo-
metrical parameters of the shaped pipe required 
by the standards. The results of the analyses car-
ried out made it possible to draw up the graph 
presented in Figure 19 showing the effect of the n 
factor on the change in the value of y, taking into 
account the recommended bending method and 
the permissible ovalisation Δ ow  value. It conse-
quently enables the selection of a bending method 
that, from the point of view of the recommended 
ovalisation, will ensure that the required effects 
of the pipe shaping process can be achieved, de-
pending on the geometrical dimensions of the 
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Table 11. Values of the maximum stresses srr in the cross-section located at 45° for 90° bending of the type A pipe

Pipe wall 
thickness

Dimension r 
(mm)

(see Figure 16)

Maximum stresses srr (MPa)

Straight 
pipe

Pipe after 
bending without 

mandrel and 
without pressure

Pipe after 
ideal bending 

under 
pressure

Pipe after 
bending with 

mandrel 
and without 

pressure

Pipe after 
bending 
without 
mandrel 

and under 
pressure

Pipe after 
bending with 

mandrel 
and under 
pressure

Thinning of 
the pipe wall

0 36.2 96.5 29.1 100 58.1 52.8

0.8 41.6 77.9 34.6 80.7 53.4 56.1

1.6 50.9 24.1 44.6 31.9 49.7 62.9

2.4 67.1 -73.8 61.6 -49.3 49.2 76.5

3.2 94.7 -163 89.7 -138 51.0 99.0

–

4.0

–

4.8

5.6

6.4

7.2

8.0

Thickening 
of the pipe 

wall

8.8 94.7 17.9 110 -92.7 45.4 89.7

9.6 67.1 -46.5 75.3 -76.1 41.7 69.1

10.4 50.9 10.7 60.2 8.30 43.9 56.5

11.2 41.6 45.3 50.4 64.1 45.7 49.2

12.0 36.2 49.1 43.9 92.1 46.4 44.5

Figure 17. Values of the maximum stresses srr in the cross-section at 45° for 90° bending of the type A pipe

pipe and the bending radius. The results of the 
study also showed that special care must be taken 
when bending using the proposed mandrel shape 
for thin-walled pipes and at small bending radii. It 

is important in these cases to have proper (skilful) 
positioning of the mandrel with respect to the bend-
ing axis, requiring a mandrel retraction (negative 
displacement), which was estimated to be a value 
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Figure 18. Values of the reduced stresses sred in the cross-section at 45° for 90° bending of the type A pipe

Table 12. Values of the reduced stresses sred in the cross-section located at 45° for 90° bending of the type A pipe

Pipe wall 
thickness

Dimension r 
(mm)

(see Figure 
17)

Maximum stresses sred (MPa)

Straight 
pipe

Pipe after 
bending without 

mandrel and 
without pressure

Pipe after 
ideal bending 

under 
pressure

Pipe after 
bending with 

mandrel 
and without 

pressure

Pipe after 
bending 
without 
mandrel 

and under 
pressure

Pipe after 
bending with 

mandrel 
and under 
pressure

Thinning of the 
pipe wall

0 32.4 131 25.6 43.7 54.7 47.2

0.8 41.5 126 34.9 54.7 54.0 54.7

1.6 57.9 99.6 51.5 35.1 62.2 69.7

2.4 86.5 57.8 80.9 10.0 78.7 96.7

3.2 132 267 128 26.1 93.1 136

–

4.0

–

4.8

5.6

6.4

7.2

8.0

Thickening of 
the pipe wall

8,8 132 183 127 280 65.6 126

9,6 86.5 145 77.6 77.3 57.0 90.6

10,4 57.9 32.1 61.9 98.8 53.5 64.5

11,2 41.5 70.2 48.0 109 46.0 48.8

12,0 32.4 117 38.6 100 45.1 40.7

corresponding to 2% of the mandrel diameter, to 
enable satisfactory results of the pipe bending pro-
cess. Analysis of the stresses accompanying the 
bending process showed considerable variability, 

with stress values not exceeding the values per-
mitted for the material adopted in the study, which 
is the material used for the piping components of 
a marine power plant supply system.
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Figure 19. Selection of the bending method depending on the geometrical dimensions 
and bending radius of the pipe

CONCLUSIONS

The results of the study provide grounds for 
the conclusion that:
1. Decisive criterion proving the efficiency of the 

bending process is the acceptable recommended 
value of ovalisation of the pipe cross-section.

2. Use of a dedicated method of the bending pro-
cess for the imposed geometric dimensions 
of the pipe and radius will allow obtaining an 
ovalisation of the cross-section which does not 
exceed its acceptable value.

3. Results of the analyses carried out are not only 
of research importance but also utilitarian, as 
they enable, on the basis of the nomogram pre-
sented in Figure 19, the selection of the bend-
ing method for the pipeline bend depending on 
the dimensions of the pipe cross-section and 
the bending radius.

4. Use of the proposed toroidal mandrel in the 
mechanical bending process makes it possible 

to obtain satisfactory results of the bending 
process when the value of the y coefficient is 
contained in the range from 0.11 to 0.20.
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