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Abstract - A model of the process which describes the dependence of the period accuracy of 
profiles with periodically recurring longitudinal corrugations on the ratio of the main diameters, 
height and cross-sectional dimensions of periodic corrugations is created; expressions for finding 
the optimum values of the main diameters, corrugations height and their cross-sectional 
dimensions that ensure minimum deviations of the longitudinal dimensions of profile periods from 
the nominal ones are obtained. The results of the researches carried out with the use of the method 
of mathematical planning of experiment are given. Practical recommendations on the use of the 
obtained results in designing the technology are prepared. As a result of the performed 
experimental studies of the influence of the main geometrical dimensions of molded corrugations - 
radii of their tops and bases, as well as height, analytical expressions for determining the optimal 
values of these parameters have been obtained, allowing to obtain finished profiles with minimum 
deviations in the lengths of periods, laid down in the design of technology in the calibrations of 
rolls. 
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1. Relevance of the Problem 
 
One of the new types of economical sheet and 
shaped bent profiles, which are widely used in 
various branches of mechanical engineering, are 
profiles with groups of closed longitudinal stiffening 
corrugations applied on flat areas (Fig. 1) [1]. 

 

 
Figure 1: Approximate assortment of profiles with 

periodic corrugations and examples of their 
application in railcar construction 

 
A distinctive feature of such profiles is the 

combination of corrugated sections, in places where 

the products experience the greatest operational 
load, with flat undeformed sections around the 
perimeter of the profiles and between groups of 
corrugations. This feature of the profiles makes it 
possible to significantly reduce the weight of metal 
structures, while maintaining the necessary rigidity 
and load-bearing capacity, and, also reduces the 
labor intensity of assembling various frame products 
due to high-performance automatic welding 
processes [2, 3]. 

This type of profiles are produced by forming in 
one pair of rolls of profile bending or special forming 
mills due to local drawing of metal in tool calibers - 
convex and concave forming elements of rolls.  

Unlike the sheet forming processes, which can 
also be used to produce similar profiles, roll forming 
is much more productive, does not require complex 
and expensive equipment (presses) and tools (dies), 
allows produce long, large-size profiles, the length of 
which is limited only by the possibilities of product 
delivery to consumers [4,5]. However, the forming 
process itself is associated with a number of 
additional technological difficulties, which must be 
taken into account when developing the technology 
in order not to lose the quality of the resulting 
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profiles with periodically recurring longitudinal 
corrugations [6]. 

First of all, these difficulties are associated with 
the fact that, unlike stamping, in which the flat blank 
is stationary and in constant contact along the entire 
plane with the upper and lower plates of the die (Fig. 
2 a), the strip in the process of forming corrugations 
is in constant translational motion. It is not limited 
by anything either before or after the axial plane of 
the rolls, where in fact the formation of corrugations 
is completed. The formed deformation center 
geometrically has a constant shape (Fig. 3), however, 
it constantly receives new sections of the moving 
strip, successively deforming up to the maximum 
corrugation height. I.e. the process of corrugation 
forming is essentially non-stationary.   The tool - 
forming elements of the rolls contact the strip metal 
only in small parts of the unsteady deformation 
center in front of the axial plane of the rolls (Fig. 2 b).  

Such complicated conditions of the forming 
process require special studies. In particular, the 
stability of the periods of the formed corrugations, 
and, consequently, the accuracy of the profiles 
production depends on a great extent on the stability 
of the pulling force advancing the profile along the 
mill. The pulling force, in turn, depends on the height 
of the formed corrugations (i.e., on the diameters of 
the working rolls), as well as on the size of the 
contact area of the formed strip with the rolls and 
the conditions of contact friction in these areas. For 
the theoretical analysis of non-stationary processes 
of metal forming, which includes roll forming of 
profiles with periodic corrugations, the problem of 
determining the influence of the contact area with 
the formed metal of the upper and lower rolls on the 
final dimensions of the profiles is very important.  It 
is ultimately reduced to the establishment of a 
complex functional dependence of the friction 
coefficient on the normal pressure within the contact 
area, roughness of the tool and the flat blank, the 
degree of deformation, the temperature of the 
contact layer of the blank, the properties and p-value 
of the blank. The type of such function has not been 
established so far. 

 

 
Figure 2: Scheme of distribution of contact 

between the flat blank and the tool: 
a - at stamping; b - at roll forming (the lower roll is 

not shown in the scheme) 

 
Figure 3:  Schematic of corrugation forming center 

and adjacent flat strip section 
 
The influence of the contact area with the metal 

in the deformation center on the accuracy of 
geometric dimensions of profiles with periodic 
corrugations is very significant and manifests itself 
in the form of deviation of the lengths of 
corrugations periods and the nominal ones.  In order 
to prepare practical recommendations for the design 
of technological process, the present studies of the 
influence of the size of the contact area with the 
metal of forming rolls and the ratio of their main 
diameters on ensuring the stability of longitudinal 
dimensions of profiles were carried out. 

 

2. Analysis of Known Publications on the 
Subject of Research and Justification 
of the Purpose of the Work 

 

It should be noted that in the literature there is 
practically no information about technological 
processes of manufacturing of sheet profiles with 
longitudinal periodically repeating stiffening 
corrugations. Moreover, there is no information 
about any studies of this technology. Thus, in the 
published comparative review of deformation 
processes of profile rolling the closest to the 
investigated process of roll forming of sheet profiles 
with longitudinal (closed) periodically recurring 
stiffness corrugations is the given technology of 
forming transverse corrugations (Fig. 4) [7].  

 

 
Figure 4:  Scheme for forming through (open) 

corrugations located perpendicular to the rolling 
direction 
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According to this technology in the first pair of 
rolls, one of which has toothed forming elements, 
unilateral transverse "periodic" open corrugations 
are formed on a flat blank. In the second pair of 
cylindrical rolls the corrugations are flattened, thus 
increasing the mechanical properties of the final 
strip due to strain hardening. It is obvious that in the 
two processes under consideration there is a 
noticeable difference in the conditions of contact 
between the flat billet and the forming tool. This, as 
well as the lack of strict requirements for the 
accuracy of the distance between corrugations, 
together make the application of research in the field 
of transverse corrugation ineffective for improving 
the technology of roll forming of longitudinal 
periodic corrugations. 

In [8] an attempt was made to analyze the 
influence of the speed mode of profiling on the strip 
tension between the stands of the mill. By adjusting 
the amount of tension created by increasing the 
main diameters of rolls from stand to stand, in 
principle, it is possible to influence the value of the 
period of formed corrugations. However, this issue, 
as well as the issues of influence of the area of 
contact of the roll elements forming corrugations 
with the metal on the accuracy of corrugations 
periods on the profiles was not considered in the 
work, as the speed mode was investigated during the 
forming of only bent sections, without forming 
corrugations on their flat sections. 

Most of the studies on determining the influence 
of various technological factors (including the 
contact area of the formed metal with the deforming 
tool) on the quality and dimensional accuracy of 
finished products are associated with the 
identification of the influence of various types of 
friction on the contact surfaces [9, 10]. However, the 
articles deals with the influence of the contact area 
on the friction force and its effect on the quality of 
the strip surface during stamping in pressed dies due 
to local drawing of trough long sections, which does 
not correspond to the conditions and nature of 
forming in rolls of sheet sections with periodic 
corrugations.  

The papers [11, 12] presents the results of 
studies of force interaction of the tool with the 
formed strip based on the analysis of the contact 
areas of the upper and lower rolls during profiling. 
The contact areas of the strip with the rolls on the 
wall, bending points and bent flanges during 
profiling of a non-slat channel in a number of stands 
of the mill were established (Fig. 5). 

However, the scheme of location of contact areas 
and application of forces to the strip being formed, 
which shows that the wall and bending points can be 
considered as pinched in the rolls on the surface 
conditionally bounded by lines L (wall contact) and l 
(flange contact). This scheme cannot be used in the 
analysis of the accuracy of periodic corrugations 

obtained during forming on the strip due to the 
fundamental difference in the nature of the forming 
processes. In particular, the absence of bending 
areas and inclined flanges, the angle of which varies 
from stand to stand of the mill, during the forming of 
corrugations due to local drawing. 

 

 
Figure 5: Layout of contact areas and application 

of forces to the strip to be molded 
 
Taking into account the complexity of the 

influence of the above factors on the quality and 
accuracy of profiles with longitudinal periodically 
repeating corrugations, relative novelty and 
insufficient study of the forming technology under 
consideration apart from the above mentioned, no 
other sources considering the influence of the above 
factors on the forming processes were found. Thus, 
the purpose of this study is to build a process model 
describing the dependence of profile period accuracy 
on the ratio of main diameters, height and cross-
sectional dimensions of periodic corrugations, 
ensuring minimum deviations of longitudinal 
dimensions of profiles from nominal ones. 

 

3. Research Methodology 
 

To achieve the goal, the main factors affecting the 
accuracy of longitudinal dimensions of profiles with 
longitudinal periodic corrugations were analyzed, 
which include: 

- diameters of the lower (D1=2R1) and upper     
(D2 =2R2) rolls; 

- parameters of geometrical deformation center: 
length (L), central angles of metal contact with upper 
(β) and lower (α) rolls in longitudinal direction; 

- contact areas of metal with the lower (F1) and 
upper (F2) rolls; 

- metal thickness (S), its physical and mechanical 
properties (US - ultimate strength, YS - yield stress, 
δ5 - relative elongation, ψ - relative narrowing). 

To ensure the minimum springing of rolls and, 
thus, the minimum deviation of the calculated 
parameters of the deformation center and areas of 
metal contact with the rolls from the actual, for the 
experiments was chosen billet thickness of 1.4 mm. 
That is close to the lower limit of the range of 
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thickness of metal formed on the industrial unit I -
 5x300 - 1650 producing similar metal products. The 
influence of physical and mechanical properties of 
metal on the dimensional accuracy of profiles with 
longitudinal corrugations due to significant 
difficulties in ensuring stable parameters of the flat 
blank has not been studied. One steel grade - 08kp - 
was used for the research, which guaranteed the 
forming of periodic corrugations on thin sheet metal 
(1.4 mm) without the formation of cracks on the 
corrugations. 

The methodology of experiment planning [13, 14] 
was used in the study. We took into account all the 
necessary requirements for ensuring the physical 
similarity of processes in their modelling, as set out 
in the relevant literature [15, 16]. The data obtained 
in the course of the study were carefully analysed 
using the methods of mathematical statistics [17, 18, 
19]. Given the above considerations, a full-factorial 
experiment of type 22 was chosen. The following 
variables were selected as independent parameters 
to study their influence on the accuracy of 
longitudinal profile dimensions: the contact area 
with the formed metal of both upper and lower rolls 
and the ratio of their diameters along the top of the 
formed corrugation. 
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where D1, D2 - diameters of the lower and upper 
rolls; R1, R2 - radii of the lower and upper rolls, 
respectively; H - height of the convex forming 
element; A1, A2 - areas of metal contact with the 
lower and upper rolls in the deformation center. 

Levels of change of factors (1) are determined on 
the basis of analysis of the main technological 
characteristics of the unit I - 5x300 - 1650 and the 
range of profiles produced on it (R1, R2 - 
255...355mm; H - 10...30 mm) and for x1 are: 
0,89...0,96. 

Experimental studies were carried out on the 
profile bending mill 1-4 x 50 - 300. To ensure the 
above-mentioned range of variation of the factor x1, 
as well as to fulfil the condition of similarity of 
technological processes in their modelling it is 
necessary to accept the following technological 
parameters of roll calibrations for experimental 
studies (R1 = 150- 140 mm; R2 = 150-160 mm; H - 
10 mm) (Fig. 6).  

Under these conditions the levels of change of 
factor x1 in the experimental studies will be within 
the limits of 0,84...0,94, i.e. at that the study of 98% 
of the factor field of the industrial mill is provided. 

During preliminary studies of wear and springing 
of rolls during shaping of periodic corrugations it 
was found that the contact of metal with rolls is 
limited mainly by the deformation centre. The 

contact with the metal of the convex (lower) forming 
element has the form of a semi-ellipse, while the 
contact at the radii of the concave (upper) forming 
element has the form of two quarter-ellipses (Fig. 7). 
In this connection, the ratio (A1/A2) was chosen as 
an independent factor x2. 

 

 
Figure 6: Calculation scheme for determining 

independent variables full factorial experiment 
 
For a semi-ellipse such area of metal contact with 

rolls is confirmed geometrically - by construction of 
corresponding sweeps by known methods and 
experimentally - by measurements of deformation 
center zones on under-rolled sections. In this case it 
makes up (Fig. 6 - 7): 
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for the quarter ellipse, respectively: 
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where: a, b1, b2 – are semi-axes of the ellipse. 
From expressions (2) and (3) it follows that the 

ratio (A1/A2) can be reduced to the ratio of the 
lengths of the contact arcs in the cross section of the 
formed corrugations (b1/b2), and after simple 
transformations - to the ratio of the radii at the top 
and at the base of the corrugation (r1/r2) (see Fig. 6). 
Taking into account that the absolute majority of 
sizes of cross-sections of corrugations of profiles in 
the available assortment is in the range (r1 = r2)... ( r1 
= 2r2), the levels of change of the factor x2, which 
characterizes the change of the ratio of metal contact 
areas with rolls, are taken in the range of 1...2. 

 

 
Figure 7: Drawings of the contact areas of the lower 

and upper rolls with metal 

Taking into account the above, the intervals of 
variation and the basic level of factors take the form 
shown in Table 1. 
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Table 1. Variance intervals and principal factor 
level of a full factorial experiment, type 22 

Independent 

variables 

Limits of variation of 

variables in 

experiments 

Variation 

interval 

-1 0 +1 

HR

HR
x

−

+
=

2

1
1

2

1
2

A

A
x =  

 

0,84 

 
 

1 

 

0,89 

 
 

1,5 

 

0,94 

 
 

2 

 

0,05 

 
 

0,5 

 
The roll calibrations for the studies (Fig. 8) 

ensured the realization of the ranges of variation of 
the factors selected as independent variables and 
were designed for the mill 1– 4x50 – 300. 

The order of experiments and combinations of 
factors was determined by the matrix of full factor 
experiments [4]. 

As a response function (z) the ratio is taken 
 

                               

r
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where: Tr - period of profiles on rolls; 
        Tp - period provided by rolls on profiles. 
 

 
Figure 8: Roll calibrations for experimental studies 

 
The experiments were repeated three times. The 

arithmetic mean of three measurements was taken 
as the true value. Caliper and tape measure were 
used for measurements. 

 

4. Research Results 
 

The obtained results of the period measurements 
(Tp) of the experimental profiles and the 
corresponding sweeps of the roll barrel 
circumference (Tr) are given in Table 2. 

Table 2.  Experimental values of the response 
function, when varying the independent variables 

х1 х2 Тr av, 
mm 

Тp av, 
mm 

zi 

 
0,84 
0,94 
0,84 
0,94 

1 
1 
2 
2 

686 
706 
686 
706 

690,3 
705,0 
691,2 
704,8 

-0,0063 
+0,0014 
-0,0076 
+0,0017 

 
The analysis of the obtained data shows that the 

response surface is a surface crossing the zero values 
of the response function and changing values from 
+0.0014 ... +0.0017 to -0.0063 ... -0.0076. 

The regression equation obtained from the 
results of experimental studies has the form: 
 

)0002,00,0042(0,0027 -
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The correlation coefficient for equation (5) is 
0.99. The view of the response surface is shown in 
Fig. 9. 

 

 
Figure 9:  Response surface plotted using the 
calculated values of the regression coefficient 

 
Since zero deviation of longitudinal dimensions 

of profiles from nominal ones is optimal, equating 
expression (5) to zero and solving the latter with 
respect to R1, R2, H, r1, r2, we obtain a number of 
dependencies for evaluation of manufacturability of 
profiles and optimization of technological process 
parameters: 
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Thus, as a result of the performed experimental 
studies of the influence of the main geometrical 
dimensions of molded corrugations - radii of their 
top and bases, as well as height, analytical 
expressions for determining the optimal values of 
these parameters have been obtained. This allowing 
to obtain finished profiles with minimum deviations 
in the lengths of periods, laid down in the design of 
technology in the calibrations of rolls.  

When developing the technology of roll forming 
of new profiles with longitudinal periodically 
repeating corrugations taking into account the 
conducted experimental studies and obtained 
dependences (6) it is necessary to adhere to the 
following stages: 

1) to evaluate the conformity (closeness) of the 
dimensions of the cross-section of corrugations of 
profiles to the values of Н, r1, r2 - according to 
expressions (6); in case of mismatch of the 
dimensions to correct them; 

2) having determined one of the main roll 
diameters required for molding the required period 
of corrugations, calculate the value of the second one 
by the corresponding expression (6), i.e. determine 
(R1) or (R2). 

The obtained results can be used in the 
development of technology for the production of 
new profiles, providing an increase in their quality 
due to the molding of a more accurate length of the 
period.  

The method of magneto-coercive nondestructive 
testing [20] can be used to evaluate product quality.  

 

5. Conclusions 
 

Experimental studies performed in the present work 
to improve the quality, namely, the accuracy of 
longitudinal dimensions of profiles with longitudinal 
periodically recurring corrugations, allowed: 

a) to build the model of the process describing 
the dependence of the period accuracy of profiles 
with longitudinal periodic corrugations on the ratio 
of the main diameters of forming rolls, height and 
cross-sectional dimensions of periodic corrugations; 

b) to obtain expressions for finding optimal 
values of the main parameters of forming tools and 
geometric dimensions of corrugations themselves, 
providing minimum deviations of longitudinal 
dimensions of profiles with longitudinal 
corrugations from the nominal ones; 

c) to prepare practical recommendations on the 
use of the obtained results in designing the 
technology of manufacturing of new profiles. 
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