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Abstract 
In cold rolling process, roll force and torque should be set accurately in order to minimize 

defects in products and optimize roll pass schedule. In this study, roll force is calculated 

using both analytic and finite element methods. In analytical method, Bland & Ford method is 

used to calculate roll force required for plastic deformation. Furthermore, elastic 

deformation on the working roller is taken into account using Hitchcock equations to get 

more accurate roll force calculation. In finite element method, roll force is calculated using 

ANSYS Mechanical, which is a commercial tool. A 3D finite element model is prepared to 

estimate roll force. Additionally, a 2D finite element model is created by using plane strain 

condition assumption and results are compared with 3D finite element and analytic methods. 

The results show that both analytical and finite element methods are compatible with each 

other.  
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1. Introduction 

The objective of the cold roll process is to reduce thickness of the workpiece to a 

desired final thickness. To reach the desired final dimension, two work rolls draw the 

workpiece by rotating in opposite directions and applying a force on the sheet metal (Figure 

1).  

Roll process has several advantages, therefore it is widely used in industry. Due to the 

nature of the process, sheet metal deforms plastically, which results in increased yield 

strength. Moreover, the product has improved surface finish and tight final tolerance as rolling 

process has closed loop control systems. In addition to that, fatigue strength of the final 

products increases because residual stresses arise on surface of the final product by means of 

the plastic deformation [1].  
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Rolling process is the most widely used forming process as per Vaidya [2]. Quantity 

of production is high because a majority of production in the automotive, construction, power 

engineering, home appliance and related industries is based on cold-rolled sheets. . Therefore, 

minimizing defects in products and improving productivity is vital for market competition. In 

cold rolling process, pass schedule optimization induces high quality surface finish and reduce 

energy consumption [4]. Moreover, roll force is the paramount parameter that should be taken 

into account  in pass schedule optimization [5]. Thus, roll force prediction should be as 

accurate as possible to reduce defects in products and optimize the roll pass schedule.  

 

 

Figure 1 Schematic view of rolling process [3] 

 

Soulami et al. [6] used LS DYNA, an explicit finite element software, to calculate roll 

force in hot rolling. Lorza et al. [7] studied modeling the skin-pas rolling process by means of 

slab and slip-line method. Skin-pass is a rolling process that provides small reduction (below 

than 2%) to improve surface finish and final dimensions. Palinkas et al. [8] examined flatness 

error in the strip after cold working using MARC, a commercial finite element software. They 

took thermal and elastic deformation of working rolls into consideration to determine 

parameters that significantly affect flatness error. Moreover, Kumar et al. [1] studied 2D deep 

cold rolling simulation using ANSYS Explicit Module to calculate compressive residual 

stresses.  

In this paper, roll force is calculated using both Bland & Ford and finite element 

methods. In section 2, Bland & Ford model is discussed. Finite element models are widely 
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examined in section 3. Some numbered examples are given in section 4 to compare results of 

Bland & Ford and finite element methods.  

2. Bland & Ford’s Model 

Bland & Ford’s method is widely used in industry for cold rolling process to calculate 

roll force [9]. The assumptions for this method are listed below;  

 Angles through the contact length is small compared to unity  

 Homogeneous compression occurs through contact length  

 Roll force equals to vertical component of stress, since cosine term is very 

small 

 Circular contact exist through contact length (circular work roller after 

deformation) 

 Coulomb friction exists between workpiece and work rolls 

 Plane strain condition exists 

In general, since ratio of work roll diameter to thickness of workpiece is large for cold 

rolling process, small angle and homogenous compression assumptions yield small error. 

These assumptions allow roll force equations to be written in closed form as follows; 
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Thorough equations 1-7: 

 Pr is roll force 

 k is deformation resistance 

 R'  is radius of work rolls after deformation 

 h is thickness at  angle. 

 fh is final thickness (See figure) 

 ih is final thickness (See figure) 

  is coulomb friction coefficient. 

 n is angle at neutral point 

 Y  is yield strength of the material 

 B and 1n are material constants. 

A general schematic view of cold rolling process is given in Figure 2. 

 

Figure 2 Schematic of cold rolling process 
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 As work rolls are deformed elastically due to roll force, change in roll diameter 

is included in the model. Hitchcock formulae for deformed roll diameter is given below; 

 
' 1 r

i f

Pc
R R

h h w

  
   

    

 
(8) 

 

where, w is workpiece width and c is given below; 
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where, 
rollv and rollE is Poisson’s ratio and Young’s modulus of work roll, respectively.  

 

3. Finite Element Method 

In this section, cold rolling process is represented using ANSYS Mechanical, a 

commercial finite element software. In ANSYS, quasi-static model is generated for both 3D 

and 2D analysis types, since effect of inertia terms is negligible compared to other terms [9].  

3.1 3D Finite Element Model 

In this analysis type, work rolls and workpiece are modeled using SOLID 186 element 

type. As shown in Figure 3, SOLID 186 is a higher order 3D 20-node element, which exhibits 

quadratic behavior. This element has 20 nodes and each node has three degrees of freedom 

(translational only) [10].  

 

Figure 3 Solid 186 element type in ANSYS [10] 
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The work rolls and workpiece are shown in Figure 4. Work rolls are rotated in 

opposite directions to draw the workpiece. Frictional contact is defined between work rolls 

and workpiece with coefficient of friction   . Since plastic deformation exists on workpiece, 

geometric nonlinearities are also included in the model to achieve a higher accuracy. 

Moreover, workpiece is modeled as an elastic-plastic material, while work rolls are modeled 

as an elastic material because there is naturally no plastic deformation on work roll.  

 

 

Figure 4 3D model in ANSYS Workbench 

 

3.2 2D Finite Element Model 

In this analysis type, work rolls and workpiece are modeled using 2D PLANE 183 

element type. As shown in Figure 5, PLANE183 is a higher order 2D element and it exhibits 

quadratic displacement behavior. Furthermore, PLANE 183 has 8 or 6 nodes and each node 

has two degrees of freedom in x and y directions. Also, this element is suitable for plane strain 

problems [10].  
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Figure 5 PLANE 183 element type in ANSYS [10] 

 

Inherently, cold rolling process can be treated as 2D plane strain, since ratio of 

workpiece thickness to work rolls diameter is less than 1/20. Therefore, deformation through 

width of the workpiece is neglected in this study.  

2D finite element model is shown in Figure 6. Work rolls rotate reversely to deform 

the workpiece. Frictional contact is defined between work rolls and workpiece. Moreover, 2D 

plane strain finite element model takes effects of geometric nonlinearities into account. 

Furthermore, elastic-plastic material is used for workpiece, while linear elastic material is 

used for work rolls.  

 

Figure 6 2D plane strain model in ANSYS Workbench 
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2D plane strain finite element model reduces computation time significantly compared 

to 3D finite element model (see next section for details).  

4. Case Studies 

In this section, several case studies are examined to compare the analytical and finite 

element methods. In the first case study, 3D and 2D finite element models are compared in 

terms of consistency and computation time. In the second case study, analytical and 2D finite 

element methods are compared.  

4.1 Case Study- I 

In this case study, results of 3D and 2D finite element models are discussed in terms of 

consistency and computation time.   

Consider a workpiece with a thickness of 15mm. Final product thickness is desired to 

be 14mm. The workpiece is made up of MAT1, which is an elastic-plastic material, while 

work rolls are made up of MAT2, which is a linear elastic material. Mechanical properties of 

the materials are given in Table 1 and Figure 7. 

 

Table 1 Mechanical properties of the materials 

  
Density 

[kg/m3] 

Young's 

Modulus 

[GPa] 

Poisson’s 

Ratio 
Stress-Strain 

MAT1 7850 200 0.3 
Elastic-Plastic  

(see Figure 7) 

MAT2 7850 200 0.3 Linear Elastic 

 

 

 
 

Figure 7 Stress-strain curve of MAT1 
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As shown in Figure 8, magnitude of roll force per unit width is similar. Therefore, 2D 

plane strain analysis type can be used to simulate the roll process. Paramount advantage of 2D 

plane strain analysis type is that computation time is reduced by 90% compared to 3D finite 

element analysis. 

 
 

Figure 8 Roll force per unit width 

 

4.2 Case Study- II 

This section introduces a set of case studies to compare results of Bland & Ford and 

2D finite element methods. 

Consider a workpiece with a thickness of 5 mm. Final product thickness is desired to 

be 4.5, 4.2 or 4mm. Workpiece is made up of MAT3, of which mechanical properties are 

same as the mechanical properties of MAT1 only for linear region. True stress-strain curve for 

MAT 3 is given in Figure 9.  
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Figure 9 Stress-strain curve of MAT3 

 

Since the thickness of the workpiece is 5mm, workpiece and contact region of work 

rolls are meshed with hex element size of 1mm (see Figure 10). It is noted that the presence of 

any tetra element in workpiece causes local high roll force that does not represent the real 

case.  

 

Figure 10 View of mesh for Case Study II 

 

Table 2 Results of Bland & Ford and 2D finite element models 

 

  Material 
Initial 

Thickness 
[mm] 

Final 
Thickness 

[mm] 

Roll 
radius 
[mm] 

Friction 
Bland&Ford 

[N/mm] 
2D 

FEM[N/mm] 
Difference(%) 

A MAT3 5 4.5 200 0.2 5241 4887 7.2 

B MAT3 5 4.2 200 0.2 7733 7282 6.2 

C MAT3 5 4 200 0.2 9415 8813 6.8 
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According to Table 2, roll force increases as final reduction ratio increases. 

Furthermore, the results of Bland & Ford and 2D finite strain models are consistent. However, 

Bland & Ford method has an enormous advantage over the 2D plane element models in terms 

of the computation time. Approximate computation time using Bland & Ford model is a few 

seconds, while it takes about 1 hour when using 2D finite element model.  

5. Conclusion 

Cold rolling is one of the most extensively used processes in the industry. Hence, roll 

pass schedule is essential to increase productivity. The paramount parameter that affects roll 

pass schedule significantly is roll force. This study summarizes and compares Bland & Ford 

and finite element methods for accurate roll force estimation.  

As per subsection 4.1, the results of 3D and 2D finite element models match up with 

each other. Considering the computation time, 2D plane strain finite element model can be 

used to simulate cold rolling process.  

According to subsection 4.2, the results of Bland & Ford and 2D plane strain models 

are consistent. Yet, Bland & Ford model has a dramatically lower computation time over 2D 

plane strain model, while it gives accurate results compared to finite element models.  

As a future work, Bland & Ford model may be improved by applying a more detailed 

and accurate friction model instead of Coulomb friction. Besides, comparing calculated roll 

force values with actual test results is a required step to validate the model and assumptions. 
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