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Evaluation of the convexity of the transverse profile of rolled steel strip
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Uneven elastic deformations of the work roll barrel surfaces in a quarto rolling mill stand are one of the main fac-
tors determining the transverse profile of the finished rolled steel strip and its flatness characteristics. Known factors
that determine the cross-section of the rolled product include work roll deflection due to rolling forces and forces
of additional bending systems, uneven thermal expansion, and work roll barrel surface wear. The most significant
factor contributing most to the formation of the rolled product’s transverse profile is the elastic deformation of the
roll system. The most common methods for calculating roll deflection, which are used in roll barrel contouring, are
based on the Castigliano theorem; this theorem defines the required parameter as a partial derivative of the potential
deformation energy due to this deformation presented by contact pressure in the deformation area, counterbending
forces, or additional bending forces. It should be also noted that most known methods do not take into account the
uneven distribution of contact stresses in the deformation area, caused, among other things, by transverse thick-
ness deviation in the rolled product. To account for the latter noted parameter, this study proposes an approach to
calculating the elastic deformations of the working rolls of a quarto rolling mill using the initial parameter method,
taking into account all applicable loads. The results presented in the study demonstrate that the transverse profile of
rolled semiproduct has very little effect on the cross-section profile of the finished rolled product.

It is concluded that there is no need to consider the cross-section profile of the rolled steel at the rolling stand en-
trance when evaluating the cross-section profile of the rolled steel strip. The paper also presents the results of calcu-
lating the cross-section convexity of the rolled steel strip and compares the obtained characteristics with their cal-
culated values. The subject of this study is the cross-section convexity of the rolled steel strip. The proposed method
allows the reliable calculation of the cross-section profile of the finished rolled steel strip. Its accuracy is no lower
than that of known approaches, but the calculation complexity is significantly lower. The objective of this study is
to develop a reliable and least labor-intensive method for calculating the cross-section convexity of flat rolled steel.
The results can be used in the development of roll contouring for sheet rolling mills.

Key words: rolled steel strip, quarto rolling stand, elastic deformation of a roll, strip transverse profile, contact
stress, additional roll bending force.
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Introduction

Elastic deformation of working and back-up rolls is the
main factor determining transverse profile of a finished strip.
Rolling forces, counterbending forces and additional bend-
ing forces as well as bearing reaction forces are considered
as the force and technological parameters having the effect
on rolls deflection. Accuracy of deformation calculation will
be determined by reliability of rolling force and back-up rolls
reaction calculation techniques, as well as the methods for
evaluation of these elastic deformations. The following meth-
ods for evaluation of elastic deformation value are known: the
Castigliano theorem, the Mohr integral and the numerical
solution of a differential equation for beam bended axis (the
method of initial parameters). The problem of rolled semi-
product cross-section influence on finished rolled product
cross-section is also considered as an interesting one.

The above-mentioned technique, which allows calculat-
ing of rolls deformation and is based on practical use of the
Castigliano theorem, is presented in the work [1]. This meth-

od can be used for calculation of working rolls deflection in a
duo rolling stand. To evaluate deformations in a quarto rolling
stand, the method based on practical use of the Castigliano
theorem was suggested in the work [2]. This approach takes
into account possible action of additional bending forces and
counterbending forces in working rolls. Sufficient labour in-
tensity of this approach during its use and absence of practical
statistical data about its authenticity can be noted.

The numerical finite element method, which was realized
in CAD systems, was sufficiently distributed for calculation
of elastic deformations in rolling rolls. The results of its use
are presented in the works [3-5]. A serious labour intensity
can be considered as a deficiency of this method, because
it is required to set the new boundary conditions for each
loading condition of a roll system, and calculation time can
be essential. The calculation technique for elastic deforma-
tions using elasticity module of a rolling stand is presented
in the research [6].

Uneven thermal profile of rolling roll barrels and wear
of their surface also have the effect on rolled product
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cross-section profile, in addition to elastic deflection of rolls.
To evaluate the above-mentioned thermal profile, the tech-
nique for thermal calculation of wide hot stril mill rolls can
be used; it is based on thermal balance equations of work-
ing and back-up rolls, taking into account their mutual heat
exchange as well as heat exchange with a strip, cooling water
and the environment [7]. Accuracy of this model will be es-
sentially determined by the values of thermal exchange coef-
ficients, which in their turn are calculated via empiric formu-
las. Low accuracy of pauses accounting in rolling schedule
can be noted as a deficiency if this model. The simplified
technique for calculation of working rolls thermal profile in
a hot rolling mill was examined in the research [8].

The lecture [9] considers the problem of temperature
lowering in a rolling rolls barrel to an acceptable level with
use of construction varying for cooling system collectors.
However, the effect of thermal conditions in rolling rolls on
strip transverse profile was not studied.

The technique is based on accurate solution of the heat
conductivity equation and measuring the temperature dis-
tribution along working rolls barrel. The report [10] presents
an experience of varying construction of cooling system col-
lectors in order to decrease rolling rolls barrel temperature
to an acceptable level. Calculating experience displayed that
the results of the above-mentioned work [10] can be used for
prediction of thermal profile of working rolls barrels. These
results which were adapted for rolling stands conditions of
a concrete rolling mill, taking into account real duration of
pauses during rolling.

The results of numerical simulation of a strip temperature
conditions are presented in the work [11]. This study was car-
ried out in a stationary mode. Working rolls were presented
as two hollow cylinders which obtain heat die to the contact
with a billet and which are cooled due to convection at its
external surface and axial hole surface. Dependence between
roll thermal behaviour (from one side) and cylinder rotation
speed and heat exchange conditions with the environment
(from other side) is determined in this work.

The effect of thermal conditions of rolling rolls on trans-
verse profile and flatness of hot-rolled steel strips is examined
in the researches [12, 13]. Wear of roll barrel surfaces is one
more factor having the effect of cross-section profile of rolled
products. The work [14] presents a mathematical model of
forming a hot-rolled strip transverse profile at a wide hot
strip mill; it takes into account grinding profile and bending
of rolls, their elastic flattening in the contact with strip and
temperature expanding, as well as surface wear of rolling roll
during rolling.

It is mentioned that such model was used at the wide hot
strip mill 2000 for improvement of the hot rolling technology
and optimization of rolling process planning for electrical
steels with high requirements to accuracy of a cross-section
profile. Mathematical model of roll barrel wear at hot-rolling
mill, which is based on the experimental data, is presented
in the work [15].

The main task of the research [16] is determination of un-
even roll barrel wear via statistical analysis in order to reveal
the cause-and-effect relationships. It is testified that devia-
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tion between the calculation results and the actual values did
not exceed 3 %, what allowed to develop recommendations
for varying the values of technological parameters, which
compensate negative effect of back-up rolls wear in manu-
facture of rolled products. Symmetric and asymmetric roll-
ing processes were examined in the work [17]. The Arhard
equation was used for roll wear determination. The main
regularities of roll barrel surface wear depending on rolling
parameters were established.

The research [18] examined working roll barrel wear
as one of the causes of strip surface contamination. It was
established that increase of strip reduction and its material
strengthening, as well as increase of the temperature of lu-
bricating and cooling fluid, rises working roll barrel wear.
The problem of roll wear in asymmetric cold rolling is con-
sidered in the work [19]. The monograph [20] is devoted to
the problems of resistance increase for rolling rolls; it is based
on the suggestion that rolling temperature, pressure in a de-
formation area, reduction, hardness of roll surface layers are
considered as the main causes of increased wear.

The results of roll wear examination and its influence on
strip transversal profile for wide hot strip mill 2000 of “Sev-
erstal” JSC are presented in [21]. The technique of carrying-
out the research and used special devices are described. The
profiles of roll barrel wear and wear dynamics of back-up rolls
were determined experimentally depending on the amount
of rolled metal. The obtained relationships also can be used
in prediction of the profile of finished strip. Use of rolling
process parameters in forming a transverse profile of finished
strip is presented in the work [22].

The operating conditions of rolling mill rolls were exam-
ined in the research [23], the main causes of their barrel wear
and corresponding variation of transverse profile of finished
strips were established. The work [24] presents the relation-
ship between transverse profile of finished strips and its flat-
ness. Based on the above-described researches, it is clear that
the problem of reliable prediction transverse profile of rolled
strips, that is the theme of this work, is rather actual. So,
development of the reliable and minimal labour-intensive
calculation technique for convexity of flat rolled steel cross-
section is the aim of this research.

The following tasks were solved in this work:

— checking of presence of the effect of transverse thick-
ness deviation on transverse profile of a finished strip;

— determination of a simple and reliable method for eval-
uation of transverse convexity of finished product, providing
sufficient calculating accuracy.

Goal setting

To calculate elastic deformation of rolling rolls, the initial
parameter method can be used. It is known from the course of
strength of materials, taking into account unequal reduction
and contact pressure values along the strip width, which are
caused by transverse thickness deviation of a rolled metal. This
method is rather simple, it does not require separate evalua-
tion of forces and pressures, applied by a working roll. In cor-
respondence to this method, deflection of axes of back-up and
working rolls f can be found out from the following expression:
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where ET— rigidity of back-up roll cross-section; f— deflec-
tion of back-up roll axis in the examined point along the roll
length; f, — deflection of roll axis in the ultimate left point;
v, — turning angle of the cross-section B in the ultimate left
point of the calculation scheme; z — coordinate of the point,
where deflection is determined; M — a torque located to the
left from the point, where deflection is determined (¢ — dis-
tances from the point of torque applying to the point, where
deflection is determined); P — force located to the left from
the point, where deflection is determined (¢ — distances from
the point of force applying to the point, where deflection is
determined), g — distributed load, located to the left from the
point, where deflection is determine (¢ — distances from the
point of distributed load applying to the point, where deflec-
tion is determined), ¢” — the value of distributed load, oppo-
site directed and equal by a module q, applied from the point,
where action of applied force q is terminated (¢ — distance
from the point of starting of distributed force ¢” applying to
the point, where deflection is determined); #, m, [ — number
of torques of external forces, concentrated external forces
and distributed external loads, having the effect on the cal-
culation scheme, respectively; , j, kK — sequential number for
external force torque, concentrated external force torque and
distributed external load torque.

To take into account the effect of transverse thickness
deviation, elastic deflection of back-up and working rolls was
determined in each point of its barrel length, in the condi-
tions of variable contact pressure. This contact pressure was
determined in the following way:

— contact stress was calculated using the known technique,
based on previously measured thickness of rolled semiproduct
in the preset point and required thickness of rolled product;

— elastic deflection of back-up and working rolls in each
point was evaluated via differential equation of a beam bend-
ing axis, e.g. via the initial parameters method as a numerical
method for solving this equation;

— elastic flattening of back-up and working rolls in their
contact was determined via the known formula [25];

— strip transverse profile was revealed based on deter-
mined values of elastic deformation and elastic flattening,
taking into account thermal profile of rolls, which can be
calculated using the balanced model [25];

— the gap shape between rolling rolls was determined as
a resulting initial contouring, elastic deformation, thermal
expanding and roll barrel surface wear;

— strip reduction was determined in details in each point
along its width, using the previously revealed gap between
rolling rolls;

— this pressure was compared with previously determined
value: if these values didn’t coincide, elastic deformations we
recalculated with use of the newly found value of this pres-
sure, and then calculation and comparison operations for
contact stresses were repeated.

The scheme for calculation of working roll elastic de-
flection, taking into account various specific pressure values
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along a roll barrel width and based on the example of a rolling
stand at the wide hot strip mill 2000, is presented in the Fig. 1.

If we compose the equation of initial parameters along
the length of a contact zone between the barrels of back-up
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Fig. 1. Calculating scheme for determination of back-up roll
axis deflection (R, — reaction of the left bearing link)

and working rolls from the left support to the middle of a roll
barrel, with neglecting the found rather small values of initial
parameters f, and v,, we shall obtain the following equation
for evaluation of back-up roll axis deflection in its middle:

1 R - q~(c—[0,5-l—0,5-b])4
S | T 41
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where / — back-up roll barrel length; R, — reaction in the
back-uproll bearing: R, = P/2+ P, (P,., — counterbending
force for a working roll).

Fictitious load ¢’ is absent in the equation (2), because
the contact between back-up and working rolls at the wide
hot strip mill 2000 is realized along their complete width (we
can neglect bevels on a back-up roll barrel).

To take into account the effect of transverse thickness
deviation and various reductions along strip width in calcu-
lation of deflection in other areas with action of distributed
load ¢,, g, etc., we shall add the following expression to the
equation (2):

41

where Ag — increase of specific load due to varying of rolled
semiproduct thickness: Ag =¢;,— q,_, .

Calculation for equal reduction and contact pressure
values along strip width is similar; however, we shall use the
same specific pressure, without its increase Ag.

In addition to elastic deflection of a back-up roll, elastic
deflection of a working roll will occur under rolling force
action from strip, force action from a back-up roll and coun-
terbending force P,,, which is applied to rolling roll necks.
The scheme of a working roll deformation calculation on the
example of a rolling stand in the finished group of a wide hot
strip mill 2000 is presented in the Fig. 2.

In the same way, let us compose the equation of working
roll elastic deflection along its width:
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where , g=—2*, ¢ =;,

] — counterbending force.

The complete deformation of a working roll in each
point of its surface was calculated as a sum of deformations
of working f,, and back-up f; , rolls in this point, in corre-
sponding direction:
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Fig. 2. The scheme for calculation of a working roll elastic
deformation

Results and discussion

Based on the calculation results for a cross-section
profile of a steel strip using the proposed approach (tak-
ing into account uneven strip reduction along its width and
not taking into account this uneven reduction), the values
of cross-section convexity of rolled product with thickness
3 mm and width 1,000 mm are presented; rolling process
was carried out in the finishing group of the wide hot strip
rolling mill 2000 for 09G2S steel. These results are displayed
in the Table.

The results of cross-section convexity calculation for
rolled steel strip showed absence of the effect of semiprod-
uct convexity on this cross-section, and, respectively, semi-
product cross-section; it can be confirmed by the data from
the Table. According to these data, the strip cross-section
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convexity are not identified as inherited ones, what stipulates
possibility of appearance of flat defects. Such conclusion can
be made on the base of well-known works devoted to rolling of
flat steel strips [2, 26]. It was concluded that forming of flatness
defect of “wave” type with amplitude up to 30 mm is possible
in accordance with a flat defect model forming [26, 27].

In order to evaluate reliability of the newly proposed cal-
culating method, it was conducted using calculation of the
cross-section profile for hot-rolled strip at the exit from the
finishing stand of wide hot strip rolling mill 2000, and after-
wards the obtained results were compared with the experi-
mental data. Thermal profile of a roll barrel surface was taken
into account, as well as its initial contouring and current wear.

The results of such comparison are presented in the
Fig. 3. Checking of its reliability demonstrates possibility
of the newly proposed calculating method of the newly pro-
posed calculating method to predict almost 70 % of cross-
section profile variability, what is a sufficient value, taking
into account that the used values of actual strip convexity are
average ones along the whole rolled product length.
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Fig. 3. Relationship between measured and calculated values
of rolled product cross-section convexity

The errors were evaluated via two methods: the newly
proposed in this research and the presented in the monograph
[2]. The calculating histograms are displayed in the Fig. 4.
To build these histograms, the data about manufacture of

The results of cross-section convexity calculation for rolled steel strip

No Calculating variant Profile convexity of rolled semiproduct in the rolling stand No., mm
. ing vari
! g No. 6 No. 7 No. 8 No. 9 No. 10 No. 11 No. 12 | No. 12 actual
1 Takmg |ntol account uneven strip reduction 0.043 0.049 0.055 0.061 0.068 0.071 0078
along its width 0.084
2 | Not ta!(mg lmto account uneven strip reduction 0.042 0.047 0.052 0.058 0.066 0.069 0.075
along its width
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Fig. 4. The histogram of calculation error for rolled product cross-section convexity using the newly proposed (a)

and well-known (/) [2] techniques
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1000 hot-rolled strips in the finishing stand group of the
wide hot strip rolling mill 2000 were used. Their grade
and dimension ranges were as follows: steels 08ps, 09G2S,
St3kp with strip thickness 1.5—5.0 mm and strip width
1000—1525 mm.

It can be seen from the presented diagrams, that the new-
ly proposed technique provides calculation with an average
error value 30—40 %. In this case, half of all calculations
via this technique and via well-known technique are char-
acterized by an error smaller than 40 %, while the approach
described in this research has smaller number of results with
an error larger than 70 %.

Conclusion

Uneven elastic deformations of the work roll barrel sur-
faces in a quarto rolling mill stand are one of the main factors
determining the transverse profile of the finished rolled steel
strip and its flatness characteristics. Known factors that de-
termine the cross-section of the rolled product include work
roll deflection due to rolling forces and forces of additional
bending systems, uneven thermal expansion, and work roll
barrel surface wear. The most significant factor contribut-
ing most to the formation of the rolled product’s transverse
profile is the elastic deformation of the roll system.

The most common methods for calculating roll deflec-
tion, which are used in roll barrel contouring, are based on
the Castigliano theorem; this theorem defines the required
parameter as a partial derivative of the potential deforma-
tion energy due to this deformation presented by contact
pressure in the deformation area, counterbending forces, or
additional bending forces.

The results presented in the study demonstrate that the
transverse profile of rolled semiproduct has very little effect
on the cross-section profile of the finished rolled product.
It is concluded that there is no need to consider the cross-
section profile of the rolled steel at the rolling stand entrance
when evaluating the cross-section profile of the rolled steel
strip. The paper also presents the results of calculating the
cross-section convexity of the rolled steel strip and compares
the obtained characteristics with their calculated values.

The proposed method allows the reliable calculation of
the cross-section profile of the finished rolled steel strip. Its
accuracy is no lower than that of known approaches, but
the calculation complexity is significantly lower. The results
can be used in the development of roll contouring for sheet
rolling mills. ais

REFERENCES

1. Korolev A. A. mechanical equipment of rolling shops in ferrous and
nonferrous metallurgy. M. : Metallurgiya. 1976. 544 p.

2. Budakva A. A., Konovalov K. N., Tkalich K. N. et al. Roll contouring
at sheet rolling mills. Kiev : Tekhnika. 1986. 190 p.

3. Murgul V., Popovic Z. (eds.). Advances in Intelligent Systems and
Computing. International Scientific Conference “Energy Management
of Municipal Transportation Facilities and Transport” EMMFT 2017.
2017.692. DOI: 10.1007/978-3-319-70 987-1_115.

4.  Pimenov V. A., Belsky S. M., Kuznetsova E. V., Shkarin A. N. Math-
ematical model for cross-section profile identification of hot-rolled
strips and distribution of elongations along width of cold-rolled strips.
Message 1. Proizvodstvo prokata. 2018. No. 1. pp. 11—-15.

10.

14.

15.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

CIS Iron and Steel Review — Vol. 31 (2026), pp. 25-29

Shalaevsky D. L. Prediction of steel strip flatness on the base of elon-
gation coefficients along its width in rolling. Chernaya metallurgiya.
Bulleten nauchno-tekhnicheskoy i ekonomichesloy informatsii. 2024.
Vol. 80. No. 10. pp. 20—27.

Rumyantsev M. 1., Kolybanov A. N. Setting the problem of simplifica-
tion of deformation calculations for rolling rolls and strip profile during
rolling in a quarto stand. Kalibrovochnoe byuro.2018. No. 12. pp. 18—21.
Garber E. A., Khlopotin M. V., Trayno A. 1., Popov E. S., Savinykh A. E
Simulation of thermal conditions for wide hot strip mill rolls to de-
termine efficient procedures of their cooling. Metally. 2009. No. 3.
pp. 34-37.

Belsky S. M., Mazur I. P, Astakhov A. A. Simplified technique for
calculation of thermal contouring of working rolls in a hot rolling mill.
Proizvodstvo prokata. 2018. No. 2. pp. 3—6.

Antonyuk V. V., Fedin A. G., Mustafin V. A., Dema R. R., Platov S. 1.,
Amirov R. N., Koldin A. V., Kharchenko M. V. Experience of adjust-
ing and managing a thermal state of working rolls in the wide hot strip
rolling mill 2000 at Magnitogorsk Iron and Steel Works. Proceedings
of the XI International Congress of Rollermen. 2017. Vol. 2. pp. 84—87.
Garber E. A., Mishnev P. A., Shalaevsky D. L., Paligin R. B., Mikhe-
eva l. A., Bolobanova N. L. New methods of simulation and decrease
of unflatness of steel strips in hot rolling at wide strip mills. Materials of
the International scientific seminar “Scientific and technical progress in
metallurgy 2013”. 2014. pp. 70—82.

. Hamraoui M. Thermal behaviour of rollers during the rolling process.

Applied Thermal Engineering. 2009. Vol. 29. No. 11—12. pp. 2386—2390.
Shalaevsky D. L. Study of a thermal procedure for working rolls at
hot rolling mill in order to increase calculation accuracy for surface
temperatures of their barrels. Izvestiya vuzov. Chernaya metallurgiya.
2023. No. 3. pp. 283—289.

Garber E. A., Shalaevsky D. L., Mishnev P. A. et al. Study, simula-
tion and decrease of unflatness in hot rolling of wide steel strips. M. :
Teplotekhnik. 2016. 112 p.

14. Pimenov V. A., Kovalev D. A., Dagman M. A., Mazur I. P. Devel-
opment of mathematical models for formation of the cross profile of
strips during hot rolling, taking into account the wear of rolls. Chernye
metally. 2021. No. 10. pp. 13—19.

Shatalov R. L., Kharakterov N. V., Karpov S. A. Regression model for
wear of rolls in tot rolling of strips made of complex alloyed copper
alloys. Proizvodstvo prokata. 2006. No. 2. pp. 42—46.

Kukhta Yu. B., Logunova O. S., Egorova L. G., Torchinsky V. E.,
Belyavsky A. B., Romanov P. Yu. Modelling the barrel body wear of
the backup roll: mathematical model and software implementation.
The Int. J. of Advanced Manufacturing Technology. 2018. Vol. 97.
pp. 1363—1370. DOI: 10.1007/s00170-018-2058-y.

Batorfi J. G., Chakravarty P., Sidor J. Investigation of the wear of
rolls in asymmetric rolling. Engineering and IT Solutions. 2021. No. 2.
pp. 14-20. DOI: 10.37775/E1S.2021.2.2.

Labiapari W. da S., de Alcantara C. M., Costa H. L., De Mello J. D. B.
Wear debris generation during cold rolling of stainless steels. J. of Ma-
ter. Proc. Technol. 2015. Vol. 223. pp. 164—170.

Pesin A., Pustovoytov D., Shveyova T., Sverdlik M. Finite Element
Modeling of Roll Wear during Cold Asymmetric Sheet Rolling of Alu-
minum Alloy 5083. MATEC Web of Conf. 2015. Vol. 26. DOI: 10.1051/
matecconf/20152601010.

Chekmarev A. P., Mashkovtsev R. A. Wear of rolling rolls. M. : Metal-
lurgizdat. 1955. 148 p.

Borisov V. 1., Golubyev V. V. Study of wear of sheet rolling rolls in
quarto rolling systems at hot strip mills. Vestnik MGTU im N. E. Bau-
mana. Seriya “Mashinostroenie”. 2005. No. 4. pp. 49—62.

Volegov V. P., Freidenzon M. E., Zhdanov A. A. Contouring of roll-
ing rolls in quarto stands at continuous hot rolling mills. Stal. 1966.
No. 6. pp. 523—525.

Chelyustkin A. B. et al. Determination of relationship between wear
of rolls and rolling conditions. Izvestiya vuzov. Metallurgiya. 1970.
No. 3. pp. 92-95.

Shalaevsky D. L. Determination of wear of barrels’ surfaces of rolling
rolls in continuous finishing group of stands at wide hot strip rolling
mill. Chernaya metallurgiya. Bulleten nauchno-tekhnicheskoy i eko-
nomichesloy informatsii. 2022. Vol. 78. No. 12. pp. 1054—1059.
Garber E. A. Cold rolling mills (theory, equipment, technology). M. :
Chermetinformatsiya. 2004. 416 p.

Shalaevsky D. L. Evaluation of the type and amplitude of the flatness
defect of a hot-rolled steel strip produced on a continuous mill. Metal-
lurgist. 2024. Vol. 67. pp. 1604—1613.

Shalaevsky D. L. Study of the effect of cross-section profile on flatness
of steel rolled product. Stal. 2025. No. 11. pp. 22-25.

29



