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Аннотация. Известной причиной возникновения дефектов плоской формы на готовых стальных холоднокатаных полосах является нера-

венство коэффициентов вытяжки по ширине полосы. На разницу значений этих коэффициентов оказывают влияние параметры профили-
ровок бочек валков, энергосиловые параметры прокатки, параметры работы системы автоматического регулирования профиля и формы 
полосы. Воздействие всех технологических факторов на форму полосы будет иметь сложный характер. В работе рассмотрен подход, 
учитывающий основные параметры работы прокатного оборудования и позволяющий оценить вид и амплитуду дефектов плоскост-
ности готовых стальных полос. При реализации такого подхода выполнены шесть этапов расчета: энергосиловой расчет процесса 
холодной прокатки; расчет упругих деформаций поверхности бочки рабочего валка; оценка износа поверхности бочки рабочего валка; 
расчет теплового профиля валка; оценка выпуклости поперечного профиля стальной полосы; оценка показателей планшетности готовой 
полосы. Для вычисления параметров, влияющих на планшетность проката, использованы известные методики расчета, адаптированные 
под конкретные технологические условия. Результаты оценки показателей формы катаной полосы, полученные с помощью модели, сопо-
ставлены с результатами моделирования в программе Deform 3D. Результаты моделирования продемонстрировали достоверность пред-
ложенного подхода оценки качества проката. 
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бочки валка, упругая деформация бочки валка, тепловой профиль бочки валка, амплитуда дефекта
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Abstract. A known cause of flat shape defects in finished cold-rolled steel strips is the inequality of the drawing ratios across the strip width. Difference 

in the values ​​of these ratios is affected by the roll barrel profiling parameters, energy-power parameters of rolling, operating parameters of the auto-
matic profile and strip shape control system. The impact of all technological factors on the strip shape is complex. The paper considers an approach 
that takes into account the main operating parameters of rolling equipment allowing to estimate the type and amplitude of flatness defects in finished 
steel strips. When implementing this approach, 6 calculation stages were performed: energy-power calculation of the cold rolling process; calculation 
of elastic deformations of the working roll barrel surface; assessment of wear of the working roll barrel surface; calculation of the roll thermal profile; 
assessment of convexity of the steel strip transverse profile; assessment of flatness indicators of the finished strip. To calculate the parameters affecting 
the flatness of the rolled product, known calculation methods adapted to specific process conditions were used. The results of assessing the shape 
indicators of the rolled strip obtained using the model were compared with the results of modeling in the Deform 3D program. The modeling results 
demonstrated reliability of the proposed approach to assessing the rolled product quality. 

Keywords: flatness of cold-rolled steel strips, continuous rolling, rolling mode, shape defects, roll barrel profiling, elastic deformation of roll barrel, 
thermal profile of roll barrel, defect amplitude
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 Introduction

The primary causes of flatness defects in cold-rolled 
steel strips are non-uniform deformation across the strip 
width and low sectional stiffness. The latter is a charac-
teristic feature of flat-rolled products. 

Most established studies consider the  variation in 
drawing ratios across the strip width as the main criterion 
for flatness loss. Among the influencing factors, some are 
viewed as more critical than others [1 – 18]. 

Studies [2 – 4] propose flatness criteria based 
solely on  drawing ratio values across the  strip width. 
The  research findings reported in  [5 – 8] highlight 
the potential to assess flatness defects through cross-sec-
tional characteristics of the strip.

Models that incorporate multiple technological 
parameters for evaluating strip flatness are presented 
in [9 – 11]. 

Approaches focusing on transverse profile charac-
teristics for identifying flat shape defects are described 
in [12 – 14].

Further models, found in  [15 – 18], attribute flatness 
loss to post-rolling strip cooling processes. 

The flatness evaluation method outlined in [9] enables 
the  calculation of  defect amplitudes based on rolling 
process parameters. This method accounts for nearly all 
relevant factors, including roll barrel profiling, potential 
work roll wear, roll axis misalignment, and several other 
significant influences. 

The aim of  this study was to  develop a method for 
evaluating the  amplitude of  waviness and buckling in 
cold-rolled strips based on the variation in drawing ratios 
across the width, and to validate it by comparing calcu-
lated results with those generated using the  DEFORM-
3D simulation software.

 Problem statement and research methods

Calculating the  amplitude of  waviness or buckling 
in cold-rolled steel strips, based on the variation in dra
wing ratios across the  strip width, requires comprehen-
sive input data. This includes the  elastic deformations 
of  the  work and backup rolls, the  wear of  their barrel 
surfaces, and the non-uniform thermal expansion across 
the width of the rolled strip.

Study [19] presents a regression-based model descri
bing the elastic deformation of a four-high (“quarto”) mill 
stand along the  work roll barrel. This relationship was 
derived through numerical simulation of  elastic defor-
mations in the  roll system and was previously applied 
to model flatness formation in hot-rolled strips produced 
on a continuous wide-strip mill. It is also applicable 
to the integrated method proposed in the present study.

Additional research  [20 – 22] offers methods for 
evaluating barrel surface wear and non-uniform thermal 
expansion along the roll barrel.

The type and amplitude of  flatness defects in cold-
rolled strips can be assessed using the  methodology 
described in [23].

The reliability of  the  calculated results can be veri-
fied by evaluating strip shape quality indicators using 
the DEFORM-3D simulation software. 

 Results and discussion

The procedure for calculating the type and amplitude 
of  flatness defects in cold-rolled steel strips included 
the following stages:

– Stage 1: calculation of the energy–power parameters 
of the cold rolling process;

– Stage 2: analysis of elastic deformation of the work 
roll barrel surface;

– Stage 3: assessment of wear on the work roll barrel 
surface;

– Stage 4: calculation of the roll thermal profile;
– Stage 5: evaluation of  the  convexity of  the  strip’s 

transverse profile;
– Stage 6: assessment of flatness parameters of the fini

shed strip.
The first stage was implemented using a model 

of  energy–power parameters that takes into account 
elastic deformation zones along the  deformation zone 
length [24 – 25]. 

The second stage involved modeling elastic defor-
mations of  the four-high (quarto) mill roll system using 
a  numerical simulation tool for analyzing process 
mechanics.

To determine the deformation of the work roll barrel 
surface, taking into account elastic flattening in the con-
tact zones with the backup roll barrel and the strip during 
rolling, three-dimensional computational models were 
developed for the  work and backup roll sets of  a five-
stand 1700 mm continuous cold rolling mill. 

The roll set was imported into the MechanicalStruc-
ture module of ANSYS R1 (Fig. 1).

In the  module’s pre-processor, a mesh was genera
ted (Fig. 1). In ANSYS Workbench, high-carbon steel 
with a yield strength of 900 MPa was assigned as the roll 
material. To simulate support conditions, boundary const
raints were applied to the backup roll necks along the X, 
Y, and Z axes (vertical direction), and to  the  work roll 
necks along the X and Y axes. In the vertical direction, 
the work roll rested on the backup roll barrel. 

During the  creation of  the  solid model, a specific 
region was defined on the surface of the work roll barrel 
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to represent the deformation zone, where contact pressure 
would be applied. In this region, a pressure load equi
valent to  the normal stress in the deformation zone was 
assigned. To enable this setup, the Static Structure solver 
was launched in advance.

To simulate anti-bending force, concentrated verti-
cal loads were applied to the ends of the work roll necks 
along the Y-axis.

During the simulation, the following parameters were 
varied within defined ranges: the contouring of the work 
and backup roll barrels, contact pressure in the deforma-
tion zone, strip width, and the anti-bending force applied 
to the work rolls.

A contour plot illustrating the results of elastic defor-
mation calculations is presented in Fig. 2.

The difference in elastic deformation of the work roll 
barrel surface between the  strip edge and center (elas-
tic deflection across the strip width) was generalized into 
the following regression equation

Δdc – Δdedg = 0.00001632·10–5b + 0.007703P –

– 0.00000305Pbend – 0.0200ΔDg.c. – 0.0169ΔDg.c.b ,  (1)

where P is the rolling force in the i-th stand, MN; Pbend is 
the anti-bending force applied to the work rolls, kN; b is 
the strip width, mm; ΔDg.c. is the ground crown of the work 

Fig. 1. Model of the roll system of “quarto” stand

Рис. 1. Модель валковой системы клети «кварто»

Fig. 2. Example of the result of calculating elastic deformations in vertical axial plane of the rolls of “quarto” stand 
in the MechanicalStructure module of the Ansys R1 program

Рис. 2. Пример результата расчета упругих деформаций в вертикальной осевой плоскости валков клети «кварто» 
в модуле MechanicalStructure программы Ansys R1
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roll barrel at its center, mm; ΔDg.c.b is the ground crown 
of the backup roll barrel at its center, mm.

The coefficient of multiple determination R2 was 0.86, 
indicating a high degree of  reliability for the  derived 
equation.

The statistical significance of the coefficients in Equa-
tion (1) was assessed using p-values, based on a dataset 
of  forty simulation variants previously reported in [19]. 
The results of this evaluation are presented in Table 1.

The third stage – evaluation of  wear on the  work 
roll barrel surface – was based on experimental data that 
included roll operating parameters, surface hardness, and 
barrel contour geometry [20].	

As shown in Table 2, roll wear is influenced by 
the rolling force, surface hardness of the roll barrel, bar-
rel diameter, and the  total length of  strip rolled. Initial 
concavity was found to have a negligible effect.

A relationship was established to  estimate roll bar-
rel wear at both the center and strip edges, depending on 
the influencing parameters:

		         Δc = kw  P + kL Lm ,	 (2)

where P is the average rolling force in the working stand 
since the installation of the work roll, MN; Lm is the total 
length of strip rolled on the work rolls in stand, m; kw is 
the coefficient representing the influence of rolling force 
on the wear of the work roll barrel surface; kL is the coef-

ficient representing the influence of the strip length rolled 
on the work rolls in the stand on roll barrel wear.

The values of  these coefficients, for example at  the 
center of the roll barrel (i.e., along the strip centerline), 
were determined using the  following regression equa-
tions

	       kw = –0.00025HSD + 0.0000285D,	 (3)

where HSD is the Shore hardness of the roll barrel surface, 
D is the diameter of the work roll barrel, mm. The coeffi-
cient of determination for this equation is R2 = 0.89, indi-
cating a high degree of reliability;

	    kL = –0.0000011HSD + 0.00000011D.	 (4)

The forth stage was the calculation of the roll ther-
mal profile.

The thermal behavior of  the  continuous cold rolling 
mill was analyzed by formulating and solving a system 
of heat balance equations for the work rolls, backup rolls, 
and strip. The application of this model for both cold and 
hot continuous strip rolling has been discussed in prior 
studies [21; 22]. 

The thermal crown of  the  roll barrel across the  strip 
width was calculated using the  temperature distribution 
determined from the system of equations, with particular 
focus on the roll barrel center.

Table 1. Results of checking the significance of coefficients of the equation for calculating elastic deformations

Таблица 1. Результаты проверки значимости коэффициентов уравнения для расчета упругих деформаций

Parameter Statistical 
significance level (p-value)

Strip width, mm 0.01
Rolling force in the i-th stand, MN 2.07·10–30

Anti-bending force applied to work rolls, kN 4.31·10–9

Ground crown of the work roll barrel at its center, mm 0.02
Ground crown of the backup roll barrel at its center, mm 4.36·10–8

N o t e . A parameter is considered statistically significant if the p-value is less than 0.05.

Table 2. Results of assessing the Pearson correlation coefficients of the rolls parameters 
and technology with amount of the barrel surface wear

Таблица 2. Результаты оценки коэффициентов корреляции Пирсона параметров валков 
и технологии с величиной износа поверхности бочки

Parameter Rolling 
force, MN

Roll barrel 
hardness, 

HSD

Roll barrel 
diameter, 

mm

Length 
of strip 

rolled, m

Initial concavity of the 
roll barrel surface at its 

center, mm
Correlation 
coefficient –0.4755 0.4277 –0.4055 0.4839 0.012
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The fifth stage involved assessing the strip’s profile 
using the components obtained in previous stages, which 
define the cross-sectional shape of the flat-rolled product 
at the roll gap exit:

– initial ground crown, adjusted for current wear, Δgy ;
– elastic deformation of  the work roll barrel surface, 

Δdy ;
– thermal profile (thermal crown) of  the  roll barrel 

surface, Δty ; 
– nominal strip thickness, hi .
The strip thickness at any point along the width (coor-

dinate y) was calculated as:

Δiy = hi – Δgy + Δdy – Δty .

The six stage – evaluation of  flatness parameters 
of the finished strip – was performed using the relation-
ships described in [23].

By knowing the  initial slab and final strip thickness 
profiles across the  width  – and thus the  drawing ratios 
at the edges and center of the strip – it is possible to esti-
mate the most important flatness defect parameter defined 
in GOST 19903–2015 – the defect amplitude:

– for “waviness” formed in the  i-th stand of a conti
nuous group of stands: 

	       
w

k cr

	 (5)

where h is the  strip thickness, E is the  strip’s Young’s 
modulus, σk  is the  critical buckling stress, λcr ,  λc  are 

the  drawing ratios at the  strip edge and center, respec-
tively, based on the entry and exit cross-sections;

– “buckling” formed in the  i-th stand of  the  conti
nuous rolling mill:

	      

cr

b
	 (6)

It has been confirmed [23] that flatness defects accu-
mulate as the strip passes from stand to stand. Therefore, 
if the same type of defect occurs in subsequent stands, its 
amplitude increases additively.

The accuracy of  the  calculated amplitude and type 
of  waviness using Equations (5) and (6) was validated 
by simulating the  rolling process in DEFORM-3D. For 
this purpose, roll barrel models were created with longi
tudinal profiles incorporating both elastic deformation 
and thermal crown across the  strip width. Non-uniform 
roll barrel wear could also be taken into account. An entry 
slab was modeled with a specified cross-sectional profile, 
and the rolling process was simulated. In the post-proces-
sor, vertical displacement differences between the  strip 
center and edges were tracked across the width.

In Fig. 3, Line 3 represents the vertical displacement 
at the  strip edge, while Line 1 represents displacement 
at the center. The difference between them was taken as 
the defect amplitude.

An example of amplitude evaluation using DEFORM-
3D is shown in Fig. 4.

The validation results obtained from DEFORM-3D 
simulations confirm the sufficient accuracy of the analyti-
cal model for predicting the flatness of cold-rolled steel.

 Conclusions

A well-known cause of  flatness defects in finished 
cold-rolled steel strips is the variation in drawing ratios 

Fig. 4. Comparison of the results of calculating the non-flatness 
amplitude

Рис. 4. Сравнение результатов расчета амплитуды неплоскостности

Fig. 3. Example of assessing flatness defect of the “wave” strip 
(A – amplitude of “wave” on the strip) 

Рис. 3. Пример оценки дефекта плоскостности полосы «волна» 
(А – амплитуда «волны» на полосе)
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across the  strip width. This variation is influenced by 
the roll barrel contouring parameters, the energy–power 
parameters of  the  rolling process, and the  operating 
parameters of  the  automatic profile and flatness con-
trol system. The combined effect of these technological 
factors on strip shape is complex. This paper presents 
an approach that incorporates the key operational para
meters of  rolling equipment and enables the evaluation 
of the type and amplitude of flatness defects in finished 
steel strips.
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