
a Corresponding author: pierre.montmitonnet@mines-paristech.fr  

Modelling of rolling processes: historical development and perspectives 
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Abstract. The first 3D FEM developed by Prof. Jean-Loup Chenot in the early 1980s was devoted to hot rolling and 
the spread (slab widening) phenomenon, for which the Upper Bound Method had shown limitations, at least under the 
form which was used at the time. It is therefore fit to sketch the time evolution of rolling models, their evolving 
ambitions, to situate Prof. Chenot's and CEMEF's contributions before evoking the present trends and future demand, 
revisiting the debate between FEM and simple methods.  

1 A brief protohistoric survey  
The first model of the strip rolling process was published 
more than 90 years ago, when von Kármán initiated the 
Slab Method (SM) [1]. For quite a long time, only 2D 
(Plane Strain) models of the roll bite were available. 
Refinements of the Slab Method were introduced, e.g. by 
Orowan [2] to take shear strain into account, or by Bland 
& Ford [3] followed by Cosse & Economopoulos [4] to 
deal with strip elasticity. A major step was made by 
Jortner and co-workers in 1960 when they introduced roll 
deformation by the Influence Function Method (IFM, 
[5]), still in use today and much more precise than the 
previous Hitchcock's deformed radius formula [6].  

The SM thus delivered stress fields, forces and 
torques in great details and with great precision for thin 
strips, years before the Finite Element Method (FEM) 
came into use in the field. For thicker products where 
neglecting shear strain degraded the precision, the Upper 
Bound Method (UBM) was developed in the form of 
discontinuous [7] or continuous [8,9] velocity fields, the 
latter based on stream function methods.  

Beyond the prediction of forces and stresses, a major 
impulse came from spread (width increase) in slab hot 
rolling and the problem of optimal set-up of edging 
stands. As the SM can neither describe material flow 
accurately, nor be easily extended to 3D, the UBM took 
over: in 1975, Oh & Kobayashi [8] developed a 3D UBM 
based on stream functions to predict transverse flow. This 
problem gave J.L. Chenot his first opportunity to get 
familiar with hot rolling processes as he worked on the 
development of such a 3D UBM for a French steelmaker 
of that time. He soon recognized however the limitations 
of this method in addressing such a complex, 
multivariable question, and decided to indulge in FE 
modelling, directly in 3D. This was around 1978.  

2 The onset of FE modelling  
Indeed, the FEM had been extended early to non-linear 
behaviour and plastic deformation problems. The first 
application to rolling processes is reported to be a 1973 
paper in which Cornfield & Johnson [10] applied the 
FEM to the comparison of metal flow and strain field 
when the hot slab temperature either was homogeneous, 
or presented a maximum in the centre or near the surface. 
This was in 2D, as e.g. the 1982 paper where Li & 
Kobayashi [11] compared FE-computed stress profiles to 
Al Salehi's et al. [12] experimental measurements by 
embedded transducers in a roll.  

There remained to tackle 3D. Several groups strove to 
present 3D FEM results on rolling in 1982. If J.L. Chenot 
was able to present his first 3D results in a non-published 
meeting of a French group devoted to large strain and 
damage modelling [13], the 1st Numiform Conference in 
Swansea in 1982 hosted two papers, on edge rolling by 
Mori & Osakada [14] and by again Li & Kobayashi [15] 
on spread in hot rolling. Journal papers appeared soon 
after on edge rolling, e.g. by Mori & Osakada [16] or 
Huisman & Huétink using an ALE formulation [17]. The 
first referenced publications on hot rolling from the 
CEMEF group were given at Numiform 1986 [18,19].  

3 Main contribution from Chenot's team 

3.1 Steady state modelling 

The question of CPU time was of course central. Since in 
most rolling processes, there is a significant steady state 
stage, most groups decided to build software for steady 
state only. This left aside the important problems of end 
shapes in section rolling, of extra spread at extremities in 
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flat rolling, of lower spread at extremities in edge rolling 
and the related edging strategies (Short Stroke Control). 
But it was better than nothing. Each group had its own 
technique. Whereas Twente opted for the ALE technique 
with Elastic-Viscoplastic (EVP) behaviour, at CEMEF, a 
"pseudo-steady state" was first introduced, using the 
Updated Lagrangian (UL) formulation but manipulating 
the mesh (already):  the layer of elements downstream 
was deleted when it was far away after the bite and a new 
layer added upstream. Mori and Osakada at first chose 
pure steady state modelling using the viscoplastic (VP) 
flow formulation. This raises the problem of the free 
surface determination, using iterative schemes alternating 
velocity field computation on a guessed domain, and free 
surface correction of this domain to impose V.n = 0 on 
free boundary ∂Ωfree. In [16], free surface correction by 
streamline integration was developed.  

Later on at CEMEF, looking for a more accurate and 
stable solution, a technique derived from Optimal Control 
was introduced (Least Squares Method [20]). The free 
surface was corrected by minimizing ∫ (𝑉.𝑛)2𝑑𝑆∂Ωfree

 
with respect to allowed displacements of the free surface 
nodes. This raised two major problems [21]:  
• which displacement (transverse direction, normal 

direction) for a convergent, robust and general solution? 
Edges and corners proved particularly tricky. 

• the compatibility of those displacements with the 
presence of complex tools, a difficulty met by all those 
indulging in steady state models.  

These difficulties were the origin of a fluctuating 
policy in the 30 following years: leaving aside Bern's 
Least Squares method, Vacance [22], working on tube 
rolling, opted for the Galerkin Method pioneered by 
Dawson's group (∫ (𝑉.𝑛).𝑁𝑑𝑆 = 0∂Ωfree

) [23]; then 
Hacquin chose Streamline Integration to develop the 
software LAM3 [24], still the reference tool for Arcelor-
Mittal and Constellium today. On the other hand, in order 
to develop a steady state version of Forge®, ALE was 
attempted by Philippe [25] and recently, Ripert re-
developed the Least Squares method [26], making use of 
all the developments made in the meantime, in particular 
in remeshing and penalty contact management.    

Based on this broad experience, it is possible to 
assume that the Streamline Method is the best whenever 
structured meshes are used (LAM3), but the Least 
Squares methods provide a robust alternative for non-
structured meshes which allow more general cases 
(Forge®).  

3.2 Elastic-viscoplastic materials 

Another key point in simulation is the constitutive model. 
Starting with VP to save CPU time leaves aside too many 
problems, such as very small strains in temper rolling or 
residual stress assessment. Following mainstream 
literature, θ-methods were introduced to deal with history 
effects of EP or EVP behaviour. Based on Braudel's work 
[27], Gratacos examined in great details the performance 
as a function of θ and finally both developed a traditional 
One-Step Backward-Euler (radial return) version and 

proposed a Runge-Kutta integration of the EP equations 
along a time-step [28]. Hacquin later implemented the 
Radial Return technique in a steady state formulation 
based on streamline integration, introducing the 
Heterogeneous Time Step concept (GLHTS) [24].   
 
3.2 Roll and stand deformation 
 
The last critical point addressed here is roll and stand 
deformation. In 2D, the first attempt at CEMEF was in 
1987, coupling the Slab Method and a FEM model of a 
roll [29] to prove Hitchcock's formula to be inadequate in 
many cases. Relaxation was used to fight severe 
convergence difficulties in the staggered FEM / SM 
scheme. Due to these difficulties, the group turned to a 
full FEM solution [30] where the roll strip interface was 
treated as a discontinuity in a single mesh. The model 
worked well but was very costly. It turned out that the 
coupling technique, not the roll deformation model, is the 
key point to obtain a precise and robust solution. The 
coupling technique must be extremely strong in the case 
of thin strip rolling to deal with the complex shape which 
may occur at the "friction hill" apex, near the neutral 
point. Therefore, the present technique uses SM + IFM as 
proposed by Jortner [5], but focuses on the iterative 
scheme characteristics [31].  

In 3D, following Shohet and Townsend [32] and 
Berger et al. [33], Hacquin [34] did use the IFM to 
discretize a complex set of elastic equations involving 
roll bending deformation by an enhanced beam theory, 
roll flattening by a specific use of Boussinesq's equations 
and Hertz contact between work and back-up rolls. This 
is still the model we use today.  

4 Major perspectives  

4.1 Flatness 

One of the major problems, from the process point of 
view, is the sheet flatness. Harder and thinner steels mean 
more roll deformation, it is therefore more difficult to 
maintain the sheet crown within tolerances, which in turn 
enhances flatness defects. Latent flatness defects, those 
which manifest only at the customer's, upon blanking, are 
well predicted by structural mechanics software, but 
some defects which appear on line in spite of strip 
tensions raise more complex questions of velocity, stress 
and strain redistribution in the bite exit zone [35]. More 
generally, most of the modelling work has been devoted 
to in-bite phenomena, there remain to address inter-stand 
mechanisms (buckling, creep and recrystallization in hot 
rolling, thermal contraction…).  

4.2 Toward faster models 

Although more and more powerful computers are 
available to industry and parallel versions of software are 
spreading fast, CPU time remains a problem when mill or 
pass design requests hundreds or thousands of 
calculations. Efforts are therefore devoted toward faster 
models. In 2D, the cost is in the couplings (roll 
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deformation, lubrication) and the very high number of 
iterations needed in severely coupled configurations; 
different strategies are used, either simplifications of the 
mechanical model itself or algorithmic improvements of 
the iterative schemes  [36]. In 3D, the old spread problem 
as been revisited recently using streamline-based UBM 
[37]; interestingly, the FEM was used both to suggest the 
form of the velocity field and to check the UBM results. 
Together with the fact that the SM is still the major tool 
for 2D sheet rolling, this proves that old methods still 
have a future, provided they accept hybridization with the 
more general modelling techniques. 
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